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ABSTRACT
Robots are important tools in our everyday life. Both in industry and at the consumer
level they serve the purpose of increasing our scope and extending our capabilities.
Modular robots take the next step, allowing us to easily create and build various robots
from a set of modules. If a problem arises, a new robot can be assembled rapidly
from the existing modules, in contrast to conventional robots, which require a time
consuming and expensive development process. In this thesis we deVne a modular
robot to be a robot consisting of dynamically reconVgurable modules.
The goal of this thesis is to increase the versatility and practical usability of modular
robots by introducing new conceptual designs. Until now modular robots have been
based on a pre-speciVed set of modules, and thus, their functionality is limited. We pro-
pose an open heterogeneous design concept, which allows a modular robot to be easily
extended with new functionality. In addition we introduce deformability, a new means
for modular robots to perform autonomous adaptation to changing environments, and
enabling parallel actuation.
This thesis presents two new modular robotic concepts, the Odin and Thor modular
robot. The Odin robot realizes both deformability, and is based on the open hetero-
geneous design concept. The Thor robot focuses on the open heterogeneous design
concept. The robots are brought outside the lab, to the ICRA Planetary Robotic Con-
tingency Challenge, to test their potential, and evaluate the concepts in a real world
scenario.
We encourage further research in deformability, distinguishing between parallel and
collective actuation, and the ability to passively adapt to changing environments. For
this thesis, deformability, and the complexities involved, started to curtail the practical
usability of the modular robots presented. However, we conclude, that the open het-
erogeneous design concept can increase the versatility of modular robots, and bring us
towards more versatile robots in general.
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RESUMÉ
Robotter er vigtige værktøjer i vores hverdag. Både i industrien og for forbrugerne har
de til formål at udvide vores evner og øge vores rækkevidde. Modulære robotter tager
det næste skridt ved at gøre os i stand til at bygge og skabe forskellige robotter af et
sæt moduler. Skulle et problem opstå, kan en ny robot hurtigt blive sat sammen fra
de eksisterende moduler. Dette skal ses i forhold til traditionelle robotter, som er både
tidskrævende og dyre at udvikle. I denne afhandling deVnerer vi en modulær robot,
som en robot bestående af dynamisk omkonVgurerbare moduler.
Målet med denne afhandling er at gøre modulære robotter mere alsidige og praktisk
anvendelige ved at introducere nye omkonVgurerbare designs. Indtil nu har modulære
robotter bestået af et predeVneret sæt af moduler, og deres funktionalitet er derfor
begrænset. Vi foreslår et åbent heterogent design koncept, som gør det nemt at udvide
en modulær robot med ny funktionalitet. Derudover introducerer vi derformerbarhed,
som er en ny måde for modulære robotter autonomt at tilpasse sig skiftende miljøer, og
som tillader parallel aktuering.
Denne afhandling præsenterer to nye modulær robot koncepter, Odin og Thor. Den
modulære robot Odin realiserer både deformerbarhed, og det åbne heterogene design
koncept. Den modulære robot Thor fokuserer alene på det åbne heterogene design
koncept. Begge robotter er anvendt udenfor laboratoriet, ved “ICRA Planetary Robotic
Contingency Challenge”, for at teste deres potentiale og evaluere koncepterne i en virke-
lighedstro situation.
Vi opfordrer til yderligere forskning i deformerbarhed, som hver for sig fokuserer på
parallel aktuering og evnen til passivt at tilpasse sig skiftende miljøer. I denne afhan-
dling begyndte deformerbarhed og de medfølgende kompleksiteter at Wytte fokus fra
den praktiske anvendelighed af de præsentererede modulære robotter. Derimod kan vi
konkludere, at det åbne heterogene design koncept kan øge alsidigheden af modulære
robotter og generelt bringe os tættere på mere alsidige robotter.
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1
I N T RODUCT ION
Robots play an increasingly important role in our everyday life. In almost every pro-
duction facility industrial robots are operating day and night to produce the products
on which we, the consumers, spend our money. Robots are also in our homes, laundry
machines and dishwashers are part of almost every household in the western countries,
and robotic vacuum cleaners are gaining popularity. In east asia, in particular, service
robots are among other things used for rehabilitation and edutainment. All of these
robots serves the purpose of increasing our scope and extent our capabilities.
Most of the robots we know today are developed for one speciVc purpose and appli-
cation domain. By tradition, when a new problem arises, a new robot is developed to
serve this speciVc purpose. Consequently, the developers has to go through the entire
development process for every new problem. This development process is both time
consuming and expensive. A new mechanical design has to be made, new electronics
and software has to be embedded, and new control algorithms has to be programmed.
As a result these conventional robots are expensive and inWexible.
This thesis deals with the development of a relatively new kind of robots called
modular robots. In contrast to conventional robots with Vxed morphology, modular
robots can be dynamically reconVgured and assume multiple morphologies. Thereby, a
modular robot can potentially be adapted for many diUerent purposes and application
domains.
In research, modular robotics began in 1988 when the japanese professor Toshio
Fukuda and his colleagues presented the Dynamically ReconVgurable Robotic System
(DRRS) [18, 17] called CEBOT [19, 16]. CEBOT is short for CEllular roBOTic system.
Inspired by biology, where simple cells combine to create very complicated and so-
phisticated conVgurations, their vision was to create a similar system of simple robotic
modules. A system which can dynamically reconVgure into various conVgurations for
diUerent tasks and applications. They imagined that single robotic modules are easy to
transport in a spacecraft, and that they are able to access conVned spaces through small
entrances, like a tank. In space, or inside a tank, multiple modules can assemble into
more sophisticated structures and perform maintenance tasks.
Initially, the ideas of Fukuda et al. triggered extensive research on self-reconVgurable
modular robots able to assume diUerent morphologies autonomously. They do this by
actively repositioning their modules with respect to each other into diUerent conVg-
urations. Without external intervention, self-reconVgurable modular robots are able
to actively adapt to changing environments. However, the complexities involved in
changing shape by reconVguring modules tend to dominate the robots’ practical usabil-
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ity. In comparison, a modular robot relying on assisted reconVguration to change its
morphology is relatively simple, and allows us to focus more on its useability.
A deformable modular robot is able to passively adapt to challenging environments
while maintaining its conVguration. It is able to squeeze through narrow gaps and turns
without applying advanced reconVguration algorithms. In narrow passages reconVgu-
ration may not even be possible due to space constraints. The shape of a deformable
modular robot is not only controlled by the actuators within the system, but is a result
of the internal forces applied by the actuators and the external forces applied by the
environment. Both the internal and the external forces are distributed throughout the
robot enabling great forces to be absorbed. In this thesis we investigate the practicabil-
ity of deformability in modular robots. We conclude that deformation is a potentially
useful concept, but with our implementation it is diXcult to reach a practically use-
ful level of deformation as a consequence of the physical constraints involved in the
design.
Conventional robots have very speciVc functionality, especially in terms of sensing
and actuation. With modular robots we try to generalize the functionalities of the
conventional robots into a set of modules, which can be assembled in diUerent ways.
However, the functionalities of the conventional robots are numerous and very diverse.
Thus, embedding all of these functionalities in a pre-speciVed set of general-purpose
modules is practically impossible. Most of the existing modular robot systems are based
on homogeneous or a closed set of heterogeneous modules. Thus, they are limited in
functionality. To increase the practical usability of a modular robot it must be extend-
able with new functionality. This is realized by developing an open heterogeneous
modular robot.
An open heterogeneous modular robot consist of an unspeciVed set of functionally
diUerent modules. The individual modules contain only basic functionality. Actuators,
sensors, batteries etc. are divided into separate modules, simplifying the design. If
a new sensor or actuator is needed, or if a new power source is more eXcient, only
a single module with the desired functionality must be developed. In combination
with the existing modules, a complete robot including the desired functionality can be
developed rapidly.
A modular robot is versatile since it can dynamically reconVgure and adapt in mor-
phology for diUerent tasks, environments, and application domains. In this thesis we
conclude that the versatility is increased by creating a platform, which can be extended
with new functionality. We call this type of robot an open heterogeneous modular
robot.
1.1 what is a modular robot?
All robots are to some extent made from modules. Nuts and bolts exist in diUerent
standardized sizes, electronic components are standardized, actually most of the com-
ponents used to develop a robot are standardized. This is usually done to keep the cost
down, as the components can be mass-produced. In engineering a module is deVned as
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a separately designed sub-component, but what do we mean when we speak about a
modular robot?
1.1.1 DeVnition of a Robot
Lets Vrst deVne a robot. The word robot was Vrst introduced in 1920 in a play called
“Rossum’s Universal Robots”, R.U.R., by the Czech writer Karal Čapek. It comes from
the word “robota”, a Czech term for forced labour. In Čapek’s play, a factory is making
artiVcial people called robots. Today we would refer to these robots as androids1. The
word robotics, which is the Veld of study of robots, was introduced in 1941 by Isaac
Asimov in his science Vction short-story “Liar”.
Isaac Asimov is also know for his Three laws of Robotics, which was presented in his
1942 short story “Runaround”:
1. A robot may not injure a human being or, through inaction, allow a human being
to come to harm.
2. A robot must obey any orders given to it by human beings, except where such
orders would conWict with the First law.
3. A robot must protect its own existence as long as such protection does not conWict
with the First or Second law.
Karal Čapek and Isaac Asimov describe their robots as fully autonomous and with an
similar intelligence as humans, which is truly Vction. But, Asimov’s “laws” are still
being considered today when discussing ethics, as the real robots do become more
autonomous and intelligent.
Today there is a lot of research on robots, such as humanoids and human-robot in-
teraction (HRI), which resemble the robots from popular art and Vction. However, the
most known and widely used robots are in industry. Industrial robots are not made
to look like humans, but has an optimized design for applications that include welding,
painting, assembly, pick and place, packaging, inspection, testing and much more. They
are typically used where human labour is not suXcient in terms of accessibility, preci-
sion, speed, endurance, and economy. Industrial robots are, though, still developed and
programmed by humans, so even though they do replace human labour in some areas,
they are also creating a growing market and jobs in other areas.
A single deVnition of a robot which has satisVed everyone does not exist. Joseph
Engelberger, who has been called one of the fathers of robotics, once said [31]:
“I can’t deVne a robot - but I know one when I see one”
As Engelberger states, deVning a robot is diXcult, even though it is not diXcult to iden-
tify a robot. A more substantial example from the New Oxford American Dictionary
deVnes a robot as:
1 Robots created to look like humans
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“A machine capable of carrying out complex series of actions automatically,
especially one programmable by a computer.”
This deVnition covers the industrial robot well, but a robot is capable of much more
than just carrying out programmable actions. The deVnition does not clearly state that
a robot should also be able to reason on a number of inputs, and carry out an action
based on these. The robots from Vction are also not covered by this deVnition. Even
though they are not real, we still consider them to be robots. For this thesis we will
support the deVnition by Maja J. Matarić in [44]:
“A robot is an autonomous system which exist in the physical world, can
sense its environment, and act on it to achieve some goals.”
This deVnition describes a robot as an autonomous system, which means that it acts on
the basis of its own decisions. It might be programmed to do so, but once programmed,
it does it autonomously. Matarić distinguishes from tele operated machines, which she
states are not true robots. True robots act autonomously, though, they are allowed to
be guided be a human. A true robot must also exist in the physical world and deal with
its unbendable physical laws and challenges. Machines that only has to deal with the
properties of a simulated world, are not true robots, since the simulated world is never
as complex as the real world. A robot must be able to sense its environment, and act
on it. If the information of the environment is magically given to the robot, it is not
considered to be a true robot. Also it must be able to act on its inputs, and Vnally it
must do so in order to achieve some goal.
A lot of the machines we know, which are called robots, may not fulVll the deVnition
by Matarić. Even the robots mentioned in this thesis may not be able to fulVll the
requirements of being a robot. However, most of the robots presented in this thesis
represents the research in trying to fulVll these requirements, and, therefore, we still
consider them to be robots.
1.1.2 DeVnition of a Modular Robot
Modular robotocs is a relatively new direction in robotics, seeking to make robots more
Wexible. A typical industrial robot, like a robot arm, also called a serial manipulator,
is Wexible in terms of software. This means that the robot arm can be reprogrammed
for diUerent tasks. However, the robot arm can only exist in one mechanical conVgu-
ration and shape. A modular robot is not only able to be reprogrammed in terms of
software, it is also able to be dynamically reconVgured in terms of its mechanical shape.
This enables a modular robot to be adapted for diUerent environments and application
domains. We deVne a modular robot as follows:
A modular robot is a robot consisting of dynamically reconVgurable mod-
ules
A modular robot is of course a robot, as deVned in the previous section. In some
cases each module may be deVned as a robot in itself. This is typically the case for
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homogeneous modular robots. However, it is important here to state that this is not a
necessity, and it is a conVguration of modules as a whole that makes a modular robot.
In his thesis [51], Esben Østergaard deVnes a modular robot as a robot consisting of sev-
eral partially independent functioning modules. In our understanding, this deVnition
includes all robots, since they are all made from the same nuts and bolts, and electronic
components. However, Østergaard then deVnes two subclasses of modular robots in
a hierarchy. On top of modular robots he deVnes reconVgurable modular robots as a
more Wexible robot with some redundancy, which allows the modules to be rearranged.
Furthermore, he deVnes dynamically reconVgurable modular robots as a subclass of
reconVgurable modular robots able to be reconVgured at runtime.
For this thesis, when we use the term modular robots, we think of them as dynam-
ically reconVgurable modular robots which Østergaard very well deVned. Research in
modular robots began in 1988when Fukuda presented the DRRS, even though standard-
ization and modularization of robot components began long before.
1.1.3 Similar, but not a Modular Robot
In this thesis we would like to distinguish modular robots from multi robot systems. It
is diXcult to draw a line between these similar systems, but for this thesis we consider
multi robot systems as a collection of autonomous interacting robots, while modular
robots is a collection of interacting modules. We do not consider each module of a mod-
ular robot to be an individual robot, but the modules can be dynamically reconVgured
into multiple robots.
Swarm-robots is an example of a multi robot system which is very similar to mod-
ular robots. They usually consist of a high number of mobile robots with simple local
behaviors. In a swarm these simple behaviors may emerge into more sophisticated col-
lective behaviors, similar to Wocking birds and ants. The SwarmBots [45] is an example
of swarm robots, where multiple mobile robots are able to individually explore an area.
If an individual meets an obstacle which it is not able to overcome by itself, it calls for
help. Multiple robots hook on to each other and collaborate to overcome the obstacle.
A modular robot is reconVgured into diUerent robots depending on the application,
environment, and task. With self-reconVgurable modular robots the reconVguration
process is often exploited to perform locomotion, but the modules stay physically con-
nected. It may divide into groups of modules, but a single module is usually not able to
exist on its own.
1.2 the three promises
There are three key motivations and promises for developing modular robots: Versatil-
ity, robustness, and low cost. These promises are often repeated in litterature, such as
[87, 68].
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1.2.1 Versatility
Modular robots can exist in many diUerent conVgurations for diUerent applications,
environments, and tasks. In contrast to conventional robots which can only adapt in
terms of control, a modular robot can also be adapted in morphology.
The ability to reconVgure its modules and adapt its morphology makes modular
robots more versatile. However, this ability also increases the mechanical and control
complexity. A conventional robot tailored for a speciVc application will most likely
outperform a modular robot. The advantage of a modular robot is only apparent when
the application is not known beforehand, if a modular robot can replace a set of diUerent
conventional Vxed-morphology robots, or if the environment can only be accessed by
smaller modules.
1.2.2 Robustness
Modular robots are robust since their overall performance does not rely on a single
modules failure, and the modules are easily interchangeable. The performance of a
modular robot is a result of a number of interacting modules. Should one of these
modules fail, the remaining modules may still be able to continue and perform the task
to a satisfactory level. The loss in performance from a failing module depends on the
robots topology, the homogeneity, and the number of modules in the conVguration.
If the modules are connected in chains, actuation is performed in series, and com-
munication may have to pass through intermediate modules. Should one of the inter-
mediate modules fail, it might paralyze the remaining modules. In a lattice, however,
actuation is performed in parallel, and communication may be able to follow multiple
paths through the robot.
If all modules are identical, which is the case for homogeneous modular robots, all
modules can replace each other. However, for heterogeneousmodular robots, consisting
of functionally diUerentiated modules, this may not be the case. Lets say that a robot
consists of a number of diUerent modules, but there is only a single battery module.
Should the battery module fail, the entire robot fails if the battery module is the only
power source to the robot.
The inWuence of a single module in a modular robot also depends on the number
of modules in the conVguration. If a conVguration only consist of Vve modules, the
loss in performance from a single failing module may be fatal, but if a conVguration
consist of thousands of modules, the loss in performance may be insigniVcant. Though,
the probability of one or more modules failing may increase with the total number of
modules in a conVguration.
Should a module fail it is easy to replace due to the modular design and the ability to
dynamically reconVgure. In the case of self-reconVgurable modular robots, interchang-
ing a module may even be done autonomously by the robot itself, leading to self-repair.
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1.2.3 Low cost
Modular robots consist of several redundant modules. In homogeneous modular robots
all modules are identical, which allows the modules to be mass produced, and thus
reduce their cost. Heterogeneous modular robots consist of a number of functionally
diUerentiated modules. However, these modules are typically very similar, the connec-
tion interfaces are identical, and since the modules may have less functionality, they
may also be less complex than the modules of a homogenous modular robot.
If there is a need for a robot that performs the same task 24 hours a day year around,
then a conventional robot may be more eXcient and cost eUective. Though if the task
changes the ability to build a range of complex robots from the same set of modules
may save cost through reuse and generality of the system. To keep the cost down, it is
also important that the modular robot is easy to reconVgure for the end-user and not
only an expert. This includes both reconVguring the hardware and the software.
Modular robots still only exist on a basic research level, and has not reached a level
where mass-production and end-user-interfaces come into play. However, by intro-
ducing the concept of open heterogeneity, we can reduce the cost by simplifying the
individual modules, and decrease the overhead in functionality.
1.3 multiple applications
One of the most diXcult, but also one of the most frequently asked, questions in mod-
ular robotics research is: “Which applications are modular robots suitable for, and why
do they need to be modular?”. People are mainly concerned that modular robots are not
able to solve a speciVc task better and more eXciently than a robot developed for that
speciVc task. This is partly due to the fact that the research areas of modular robotics
are still being explored, but merely that modular robots are not meant for speciVc ap-
plication domains. Instead, modular robots are meant for a large variety of application
domains. This means that they may not be able to solve a speciVc task very well, how-
ever, they may be able to solve many diUerent tasks to a satisfactory level.
Peoples concern is justiVed by the fact that there only exist very few examples where
modular robots have shown their versatility outside the labs. In this thesis we bring
the presented robots, Odin and Thor, outside our lab to the ICRA Planetary Robotic
Contingency Challenge. The challenge simulates a real world scenario to the highest
possible degree.
In this section we will look at some of the application domains which has been
proposed for modular robots.
1.3.1 Maintenance
Maintenance is the process of keeping things in good condition, and it must be per-
formed on almost everything. Maintenance is therefore not a speciVc term, but it in-
volves numerous tasks in diUerent environments. In a factory, for example, the building
and every machine must be maintained in order to keep the factory running. Mainte-
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Figure 1.1: Conceptual example of CEBOT working inside a tank [19]
nance also has to be performed on the robots themselves. Maintaining a modular robot
is simpliVed by the ability to dynamically replace modules.
Often maintenance is performed by a human, since it does not only involves the
preservation, but also a quality inspection of something. However, in many cases hu-
mans are not able to reach the environment where some sort of maintenance must be
performed. As Fukuda et al. introduced in [18, 17], a modular robot would be able to
enter conVned spaces like a tank, and on the inside assemble and clean the tank. We
can also imagine a modular robot being sent into sewer pipes to localize damages or
clogging. Or, a modular robot might be able to survive in environments, where humans
will not.
A lot of existing robots are made for performing maintenance. At the consumer
level, the robot lawn mover and vacuum cleaner is gaining popularity. However, to
build speciVc robots performing speciVc maintenance on everything would require an
unrealistic number of robots.
Modular robots are therefore well-suited for maintenance, since they can be conVg-
ured into a variety of diUerent robots, for numerous tasks in diUerent environments.
1.3.2 Search and Rescue
Search and rescue comprises the search for, and provision of aid to, persons, or property
which are, or are feared to be in distress or imminent danger.2 Since accidents and
disasters are not deliberate, the conditions in which search and rescue needs to be
performed are always to some extent unknown. Therefore, it is not possible to prepare
which exact robot would be needed for any incident. A modular robot would be able
to be assembled on site, in the most suitable conVguration, and assist the search and
rescue operation.
An example could be: An earthquake has caused buildings to collapse [82]. Inside
the collapsed buildings, there may be injured people trapped under the rubble. In this
case, it is impossible to predict which cracks and holes would allow a robot to crawl
2 Slightly modiVed: Canadian Forces (May 1998)
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Figure 1.2: Artist’s rendition of a space application of a modular robotic system, involv-
ing self-repairing activity, coordinated manipulation, and reconVguration
[97].
into the rubble, and search for survivors. A rescue team with a set of robotic modules
in a suitcase, can build a robot on site which Vts the cracks and holes, and is able to
search and locate survivors.
1.3.3 Space Applications
Modular robots are very suitable for space applications. This was also one of the Vrst
motivations by Fukuda et al. in [18, 17]. They mentioned that single modules can easily
be transported in a spacecraft. On site, multiple modules can be assembled into a more
sophisticated robot, which may not have been possible to carry to space otherwise. But
modular robot are not just easy to carry.
Todays space missions are primarily about search and investigation of unknown ter-
ritory. When dealing with unknown territory it is impossible to predict which obstacles
that needs to be overcome. Modular robots can be conVgured into a variety of diUerent
robots, on site, when the obstacles are met. So instead of bringing one robot, which can
solve only the speciVc tasks it was designed for, a modular robot may in addition also
be useful in unforeseen situations. In [86, 85] examples of the PolyBot modular robot
are shown for space exploration and manipulation. The SuperBot [63] is an example of
a modular robot designed for space exploration programs.
Another advantage of modular robots in space applications, or in other unknown and
hard to reach environments, is that the robot has a level of redundancy. This means
that the functionality of a modular robot does not rely on a single module failure, and
a module can easily be replaced with a similar module.
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Figure 1.3: Conceptual setup of a morphing production line assembled from ATRON
modules. The box rests on an conveyor surface. In the back a small robot
arm is equipped with a camera. In the front a robot arm with a gripper [6].
1.3.4 Morphing Production Lines
In an ongoing project, with the University of Southern Denmark, research on using
modular robots in factory production lines is conducted [6, 68]. On a production line,
many diUerent products are being handled. They are transported, sorted, manipulated,
and assembled. These products may also gradually change, depending on the market.
A modular robot may not be as eXcient as a robot made for a speciVc task, but its
conVguration can be adapted depending on the product being handled, and how it
must be handled. In the case of a product change, it may be possible just to reconVgure
the modular robot instead of making a new product line.
1.3.5 Physical Displays
Physical displays are able to project a 3-dimensional shape which the user can feel
and maybe manipulate. This can be used in a design process and to broadcast and
share 3-dimensional objects. The Claytronics project [55] is conducting research in
sub-millimeter modular robots, where up to a 100.000 modules adds up to form an
adaptable material.
1.3.6 Study of Biology
In biology a hierarchy of building blocks is combined to create highly sophisticated
animals with large variety of capabilities and advantages for the speciVc environments
in which they exist. At the lower level of this hierarchy, cells combine to form tissue,
tissue combines to form organs, organs combine to form an organ system, which at the
top combines to form a living organism. Cells are classiVed as the basic units of life,
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Figure 1.4: Poster from the Sixth International Conference on the Simulation of Adap-
tive Behavior, SAB 2000, From Animals to Animats 6.
and is often called the building block of life [1]. Modular robots are inspired by this
hierarchy of building blocks, and are often referred to as cellular robots. The name of
the Vrst modular robot, CEBOT, is actually an acronym for cellular robotic system [19].
Robots are inspired by nature, but robots can also be used to study biology. Robots
are often created in the image of a living organism, trying to achieve some of the same
capabilities. Humanoid robots, as an example, are developed to look, articulate and
act like humans in the attempt to achieve some of the same functionalities as humans.
There are several examples of robots resembling cockroaches, in order to achieve great
mobility [2]. The ChiRoPing3 project coordinated by professor John Hallam with the
University of Southern Denmark, is in collaboration with biologist investigating how
bats use their sonar by imitating this on a robotic base.
Modular robots are used in a recent project called Locomorph4 to increase the mobil-
ity by legged locomotion of robots. By using modular robots, diUerent morphologies,
locomotion gaits, and morphosis can be investigated, both by roboticists and biologists.
Since the inspiration came from biology, modular robots can also be used by biol-
ogists to dynamically experiment with robot building blocks resembling the building
blocks of life.
1.3.7 Educational Toys
Modular robots as toys allows children of all ages to use their imagination and build
interacting robots. There are several examples of commercialized toys which can be
used to build diUerent robots from a set of generalized building blocks. Some of the
most popular ones are Lego Mindstorms5 and VEX6. Modular robots can also be used
3 The ChiRoPing project: http://www.chiroping.org
4 The Locomorph project: http://locomorph.eu
5 Lego Mindstorms – http://mindstorms.lego.com – Viewed May 2010
6 VEX Robotics – http://www.vexrobotics.com – Viewed May 2010
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Figure 1.5: Assembling a bear puppet with the Posey robot and the Puppet Show appli-
cation [76].
Figure 1.6: Concept drawing for a swallowable self-assembling modular robot [94].
as a tangible interface to a computer game, where puppets can be built and animated
by manipulating the physical model, as an example see the paper by Weller et al. [76].
Topobo is an example of a modular robot as a toy which can be programmed by manip-
ulating the robot directly [56].
Instead of participating in a static game, children can create their own games using
modular robots as educational toys.
1.3.8 Healthcare
Research on modular robots is also done with healthcare applications. Microscopic
modular robots may be suitable for locating sick tissue or cells from the inside of our
body. They may also be able to isolate deceases and perform very local treatment,
without harming healthy cells and tissue. A more concrete example is a swallowable
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Figure 1.7: Initial design sketches of the Roombots modular robot forming a stool and a
chair [66].
modular robot, with modules the size of pills [94]. These modules can self-assemble
inside the stomach and perform endoscopy.
A modular robot may also be able to help a disabled person perform multiple tasks.
1.3.9 Architecture
In architecture modularization is widely used, especially in large projects, to maintain
clarity of the project, and to keep the cost down by redundancy. Architects design build-
ing blocks on diUerent levels of a structure, which can be combined and extended to
fulVll the needs of the developer. Modular robots are used by architect Philip Beesley, to
create large artistic sculptures and installations [3]. Simple modular robots sense slight
changes in the environment, and react with smooth movements. In a large installation
hundreds of these robots imitate an interacting living organism.
Research in modular robots also include dynamic structures, where buildings are able
to change their shape autonomously in order to create a more interacting and adaptable
living environments [75]. Roombots is a modular robot designed for adaptive and self-
organizing furniture [66], where self-reconVguring modules can transform from chairs
to tables, etc., depending on user requirements.
Modular robots can be used to create adaptable environments, and they allow us to
interact with the surroundings that currently is very static.
1.4 thesis summary
In this thesis we introduce two new characteristics for modular robots, deformability
and open heterogeneity.
A deformable modular robot is able to autonomously change shape without reconV-
guration. It also enables parallel actuation of multiple modules. Thereby the strength
of the robot potentially scales with the number of modules in a conVguration. A de-
formable modular robot is also able to passively adapt to an environment. Its shape is
a result of the internal forces applied by the actuators within the robot and the external
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forces applied by the environment the robot exists in. Using Lego, we create a 2D pro-
totype of a deformable modular robot. This robot is utilized to perform experiments on
deformability. The ability to actively change shape while adapting to the environment
is exploited to create locomotion in conVned spaces, such as narrow passages and turns.
We present the Odin modular robot which is an implementation of a deformable
modular robot in 3D. Its ability to deform and adapt to the environment come to use in
the ICRA 2008 Planetary Contingency Challenge. Its smooth and lifelike motions, due
to its compliant structure, come to use in a theatrical play called “The Anatomy of the
Robot”. As a consequence of the ability to deform the robot is a parallel under-actuated
robot. We look at the kinematics and develop a general method for representing the
Odin modular robot. Using this representation we present the basics for estimating the
shape of a conVguration.
Existing modular robots are based on homogeneous or a pre-speciVed set of hetero-
geneous modules. With the Odin modular robot we introduce an open heterogeneous
platform, where the functionality can be extended. Not only does the open heteroge-
neous concept allow each individual module to be simpler, but it also increases the ver-
satility of robots. This potential came into use in both the ICRA 2008 Planetary Robotic
Contingency Challenge and the theatrical play. This experience leads our research in
two directions, one focusing on deformability and one creating an open heterogeneous
robotic platform. In this thesis we choose to focus on creating an open heterogeneous
robotic platform, leading to the development of the Thor modular robot.
The Thor modular robot is based on a genderless connection mechanism introduc-
ing torque transmission between modules. As a consequence it achieves high levels
of heterogeneity and versatility. With Thor we participate in the ICRA 2010 Plane-
tary Robotic Contingency Challenge. The challenge show a high potential of the Thor
platform, and the open heterogeneous design concept.
This thesis represents our path to achieve higher versatility of robots. We conclude
that this goal can be met by developing an open heterogeneous modular robotic plat-
form.
1.5 thesis contributions
Deformability is introduced for the Vrst time in modular robotics. Deformability adds
passive compliancy and enables the modules of a conVguration to actuate in parallel.
The open heterogeneous design concept is introduced for the Vrst time in modular
robotics. An open heterogeneous modular robot consist of an unspeciVed set of dynam-
ically reconVgurable modules.
The concept of the Odin modular robot is presented – a deformable open heteroge-
neous modular robot. A set of modules, especially a novel passive compliant connector
and a linear actuator is implemented for the Odin modular robot. A method, based on
Odin, for representing a conVguration of a parallel modular robot is developed. Sub-
sequently, this representation method is used to identify the physical constraints and
potential energy of a given conVguration, and estimate the shape by Vnding the equili-
birum.
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The concept of the Thor modular robot is presented – a open heterogenous modular
robot. This concept introduces a connection interface for modular robots capable of
transferring torque between two modules. The connection interface and an initial set
of modules, especially a rotational motor module, is implemented realizing the Thor
modular robot.
Both the Odin and Thor modular robot are brought outside the lab to gain experience
with the concepts and their implementation.
1.6 thesis structure
After this introduction we describe the essential characteristics in terms of the concep-
tual design of existing modular robots. We introduce two new characteristics, open
heterogeneity and deformability. We present the mechanical and electrical character-
istics of existing modular robots while creating a taxonomy helping us through the
thesis.
In chapter 3 we perform preliminary experiments to verify a potential of deformabil-
ity. We present a lego based prototype of a 2D deformable modular robot with varying
compliancy, moving through narrow passages and turns.
Chapter 4 describe the implementation of Odin – a deformable open heterogeneous
modular robot. The applications which the Odin modular robot has been applied are
presented in chapter 5. In chapter 6 we present a method for representing an Odin
conVguration. We look into the kinematic structure of the robot, and present the basis
for estimating its shape.
Chapter 7 evaluates the Odin robot based on the essential design characteristics. This
leads us to chapter 8 the realization of Thor – an open heterogeneous modular robot.
The Thor modular robot was brought to the ICRA 2010 Planetary Robotic contingency
challenge described in chapter 9.
Finally, we discuss and conclude on the contributions of this thesis in chapter 10.
An electronic copy of this thesis and supporting videos can be found on the enclosed
CD in the back.
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2
E S SENT IAL CHARACTER I ST I C S
The primary subject of this thesis is increased versatility through open heterogeneous
modular robots. Open heterogeneous is a characterization of module homogeneity. Un-
til now the module homogeneity of modular robots has been characterized as either
homogeneous or heterogeneous. It is clear that homogeneous modular robots consist
of identical modules, and can not be extended. However, it is not clear whether a het-
erogeneous modular robot only consist of a speciVed number of functionally diUerent
modules, or if it can be extended with new modules. Therefore, we extend the char-
acterization of module homogeneity to either homogeneous, closed heterogeneous, or
open heterogeneous. A closed heterogeneous modular robot consist of a speciVed set
of functionally diUerent modules. In contrast, an open heterogeneous modular robot
allows its set of modules to be extended with new functionality.
To remove the complexity of autonomous reconVguration or self-reconVguration and
focus on the usability of a modular robot, we assume that a human is present for recon-
Vguration in the applications we aim for in this thesis. We investigate passive defor-
mation as another approach to autonomous adaptability without human intervention.
As a result, we are the Vrst to introduce the characteristic of deformability in modular
robots.
Modular robots have been surveyed and characterized numerous times. In this chap-
ter we wish not to perform the same survey and characterization, though, to give an
overview of most of the modular robots existing in research. We focus on four con-
ceptual characteristics essential to this thesis, module homogeneity, deformability, dy-
namic reconVgurability, and modular robot topologies. Table 2.1 list these characteris-
tics of existing modular robots.
In addition we provide a taxonomy of the mechanical and electrical characteristics
of the existing modular robots. The modular robots presented in this paper, Odin and
Thor, is included for comparison.
Finally, we conclude that deformability and the module homogeneity may guide the
research in modular robotics towards more practically useful robots.
2.1 module homogeneity
To allow a modular robot to be assembled into diUerent conVgurations and morpholo-
gies, the modules must at least have a common connection interface. However, the
remaining functionality of a module may diUer. Based on the homogeneity of their
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(a) A single module. (b) A snake conVguration to the left and a car conVguration
to the right. In the back, a conVguration step of the trans-
formation from a snake to a car and vice versa.
Figure 2.1: The ATRONModular Robot [52] - Characteristics: Homogeneous, rigid, self-
reconVgurable, hybrid topology.
modules, we divide modular robots into three categories, homogeneous, closed het-
erogenous, and open heterogenous. We deVne these categories as follows:
Homogeneous – All modules are identical.
Closed Heterogeneous – The robot consists of a speciVed set of function-
ally diUerent modules.
Open Heterogeneous – The robot consists of an unspeciVed set of func-
tionally diUerent modules.
Homogeneous modular robots consist of identical modules. A great advantage of
having identical modules is that all modules can replace any other module if they
should fail. This makes it very robust to module failure. As each module contains
the same sensors, the robot may also have redundant information enabling it to have
a more accurate reasoning on the environment. Additionally, in reconVguration – self-
reconVguration especially, there is no need to worry about which module goes where.
The level of redundancy is very high, which is an advantage in mass-production and
brings down the cost.
Fig. 2.1 shows the homogeneous modular robot ATRON [52]. The identical mod-
ules can act as both the wheels and turning mechanism of a car, and the vertebrae
and muscles of a snake. The CONRO homogeneous modular robot [8] on Fig. 2.2 is
able to create both snakes and hexapods with its identical modules. Fig. 2.3 shows
the M-TRAN homogeneous modular robot [37] transforming from a snake to a four
legged walker. These examples shows the ability to create multiple sophisticated struc-
tures from an identical set of modules. Each module are self-contained with their own
batteries, sensors, actuators, and electronics.
The high redundancy of homogeneous modular robots may create a large overhead
in functionality. Each module must contain all components vital to the robot. Thus, a
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(a) A single module. (b) A snake conVguration.
(c) A branched hexapod conVguration.
Figure 2.2: The CONRO Modular Robot [63] - Characteristics: Homogeneous, rigid,
self-reconVgurable, chain topology.
module must include a power source and all of the desired sensors and actuators. As a
consequence, a single module may end up being complex and expensive. Say that the
robot are to measure the temperature of the environment, requiring only one or just a
few sensors, each module would have to embed a temperature sensor.
To decrease the overhead of components in modular robots, their functionality can
be divided into a number of diUerent modules. Thereby, we may have a specialized
module with a temperature sensor, and only add the number of sensors we need to the
robot. With less functionality, a single module may also be smaller in size. However, to
gain the same functionality as one homogeneousmodule, more modules may be needed.
Modular robots divided into a speciVed set of functionally diUerentiated modules are
called closed heterogeneous.
Closed heterogeneous modular robots typically consist of two diUerent modules,
where node modules allow branching of actuated modules. This is the case for the
chain-based modular robot PolyBot [89], on Fig. 2.4, where multiple chains of actuated
modules are branched into a spider conVguration using a node module. In contrast, the
I-Cubes [74] shown on Fig. 2.5 consist of a male and a female module, which except
for the connector are structurally identical.
In most real world applications there is a need for a speciVc sensor, a specially de-
signed gripper, or special means of locomotion. Homogeneous and closed heteroge-
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(a) A single module. (b) Self-reconVguration from a snake to a 4 legged walker.
Figure 2.3: The M-TRAN III Modular Robot [46] - Characteristics: Homogeneous, rigid,
self-reconVgurable, hybrid topology.
neous modular robots are limited in functionality, since embedding all components in
a speciVed set of modules is practically impossible. In this thesis we would like to
introduce the characterization of open heterogeneous modular robots. An open hetero-
geneous modular robot consist of an unspeciVed set of functionally diUerent modules.
In contrast to homogeneous and closed heterogeneous systems, it is not limited by a
pre-speciVed set of modules. However, it can easily be extended with any functionality
by adding new modules.
The very Vrst modular robotic concept CEBOT [19] does not specify a Vxed set of
modules, and can therefore be characterized as open heterogeneous. The implementa-
tion of CEBOT, however, did not reWect a highly heterogeneous system as each module
are self-contained. The Vrst version of the molecubes [95] was a homogeneous self-
reconVgurable modular robot with electromagnetic connectors. However, in parallel
with the Odin modular robot presented in [69], and the open heterogeneous concept
introduced in this thesis, an open source version of the Molecubes, shown on Fig. 2.6,
was presented by Zykov et al. in [96] in 2007. Their intention is to make modular
robots available to greater numbers of researchers, enthusiast, and hobbyists. Thus,
the open source version must be inexpensive, ruggedized, and expandable. This was
realized by creating a passive connection mechanism based on friction, similar to Lego
bricks. They also used oU-the-shelf components in combination with parts printable by
almost any 3D printer. The open source approach enables the system to be expanded
by users with new functionality.
In theory, any modular robot can be extended with new functionally diUerent mod-
ules if they can be attached to the robot. Fig. 2.10 shows an example conVguration of
the homogeneous modular robot SuperBot, where passive cleats are added to improve
its locomotion performance in sand [63, 28]. However, the cleats are not modules, and
are made for that speciVc conVguration. The robot in itself is not designed to be ex-
tended, therefore, we do not characterize it as open heterogeneous.
In [9] Andres Castano and Peter Will discusses some of the tradeoUs between homo-
geneous and heterogeneous modular robots. They argue that a homogeneous module
only requires one design and one large software program, whereas a heterogenous
module requires multiple designs and multiple small software programs. Furthermore,
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(a) A single module (Generation 3)
(http://www.parc.com).
(b) A branched spider conVguration (Generation 2) [13].
(c) Loop conVguration climbing stairs (Generation 1) [84].
Figure 2.4: The PolyBot Modular Robot - Characteristics: Closed Heterogeneous, rigid,
self-reconVgurable, chain topology.
a homogeneous modular robot is large in size, weight, and power, and it is easy to re-
conVgure. On the other hand, a heterogeneous modular robot is small in size, weight,
and power, and it is more complex to reconVgure.
It is true that homogeneous modules only require one design and one large software
program, but they may also be a lot more complex and diXcult to debug. The de-
sign and software of heterogeneous modules are more simple and easier to debug. A
heterogeneous modular robot may, though, be more complex overall since it requires
a higher number of modules. Furthermore, a homogeneous modular robot becomes
larger in size, weight and requires more power due to a larger overhead in functional-
ity. However, a heterogeneous modular robot has more connection interfaces, which,
once conVgured, does not improve the performance of the robot.
It seems intuitive that the reconVguration process of a homogeneous modular robot
is simpler, since we do not need to worry about which module goes where. However,
in [14] Robert Fitch et al. shows that planning the self-reconVguration process of a
heterogeneous modular robot is not more time consuming than with a homogeneous
modular robot. As a result, they encourage the development of heterogeneous modular
robots.
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(a) A male module. (b) A female module.
(c) A conVguration of 2 male and 2 female modules.
Figure 2.5: The Molecule Modular Robot (http://groups.csail.mit.edu/drl) - Characteris-
tics: Closed Heterogeneous, rigid, self-reconVgurable, lattice topology.
2.2 deformability
In this thesis we investigate the use of passive deformability for autonomous adaptabil-
ity in modular robots. Most modular robots has a rigid kinematic structure, and relies
on their actuators to change shape. Deformable modular robots adds passive deforma-
bility to their structure. Their shape is not only a result of the internal forces applied
by its actuators, but also the external forces applied to the robot by the environment it
exist in.
Deformation happens when an applied force causes a change in shape. It can be
divided into an elastic and a plastic deformation range. Elastic deformation is reversible.
An object deformed within its elastic deformation range returns to its original shape
when the forces are removed. Plastic deformation is not reversible. However, before an
object enters the plastic deformation range it has passed the elastic deformation range.
An object reaching its plastic deformation range only returns part way to its original
shape. When an object reaches beyond its plastic deformation range it breaks. We
deVne the categories of deformability in modular robots as follows:
Rigid – Robots with a negligible deformation range assuming a rigid struc-
ture.
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(a) Two modules joined together. (b) Examples of robots built with functionally dif-
ferent modules.
Figure 2.6: The Molecubes Modular Robot [96] - Characteristics: Open Heterogeneous,
rigid, assisted reconVguration, hybrid topology.
Deformable – Robots with high passive deformation range.
All materials can undergo minimal deformation before they break, thus it is the same
for modular robots. However, in most modular robots this deformation is negligible and
they are assumed to be rigid.
Rigid modular robots does not allow modules connected in parallel to actuate indi-
vidually. Thus they are locked within the structure, unless the actuators are very well
coordinated within the mechanical constraints. However, they have a high structural
strength and they always have complete control of their shape. This can be advantage
when controlling the direction of locomotion, and when manipulating with objects in
an environment where external forces such as gravity has to be overcome.
As a result, a deformable modular robot has a soft structure, but it might be able to
withstand strong external forces before it breaks. In contrast to a rigid modular robot,
a deformable modular robot allows the applied forces to be distributed throughout the
robot. It also allows parallel actuators to actuate individually, and contribute to the
functionality of the robot. The deformable structure may also guide the robot through
corners and narrow passes without additional control algorithms.
The Deformatron robot [67] is a proposed modular robot which forms rigid struc-
tures for high structural strength by tightly contracting its connectors. When expand-
ing its connectors they become Wexible, and the robot is able to adapt to external forces.
Fig 2.7 shows a conVguration of a joint. The three modules at the top are rigidly con-
nected by contracted connectors. The connectors of the bottom 3 modules are slightly
expanded to allow the joint to bend.
The Deformatron only exists in a very early prototype, and thus it is not considered
yet to be a true modular robot. To our knowledge there is no existing true modu-
lar robots which can be characterized as deformable. However, the SMA-Net robot
[15] and the Snake robot [38] do consist of general units allowing the structure to be
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(a) Lego prototype. (b) Schematics of a joint made from six modules.
The three modules in the top are rigidly con-
nected by contracted connectors. The three
modules in the bottom are slightly expanded
to satisfy the constraints.
Figure 2.7: The proposed Deformatron modular robot [67] - Able to form both rigid and
deformable substructures.
Figure 2.8: The SMA-Net robot [15] - Twelve SMA spring actuators arranged in a
quadrilateral lattice through nine nodes.
changed. Though, they do not have a common connection interface allowing them to
be dynamically reconVgurable.
The SMA-Net robot shown on Fig. 2.8 consist of twelve shape memory alloy (SMA)
spring actuators. The springs are arranged in a 2D quadrilateral lattice through nine
nodes with micro-controllers. A van der Pol nonlinear oscillator coupled to the imme-
diate neighbors generates a periodic on-oU timing of the SMA springs. The synchro-
nization and phase diUerence causes the robot to move, while the springs allow the
structure to passively deform.
The Snake robot shown on Fig. 2.9 consist of Vve mobile units connected in series
by 15cm long springs. The mobile units have two actuated wheels controlled by an
onboard distributed control system. The Wexible body of the snake results in smoother
and more dynamic motion of the robot.
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Figure 2.9: The Snake Robot [38] - 5Mobile units connected in a chain using 15cm long
springs.
The motion capabilities of humans and animals are based on a bone structure ac-
tuated by muscles. Biological muscles act like variable stiUness springs. The spring
constant of a tense muscle is high, and the spring constant of a relaxed muscle is very
low. This makes humans and animals very compliant and adaptable, which has shown
high versatility in the real world.
2.3 dynamic reconfigurability
In this thesis we have deVned that a modular robot must be able to dynamically recon-
Vgure its modules from one conVguration to another. Dynamic reconVgurability can
be divided into three categories as follows:
Assisted – ReconVguration is assisted by a human or an external robot.
Self-reconVguration – ReconVguration is done autonomously by the robot
itself.
Stochastic – ReconVguration occurs stochastically.
The dynamic reconVgurability of a modular robot is essential to the capabilities of
a modular robot. Whether reconVguration requires human intervention or the robot is
able to reconVgure autonomously deVnes the applicability of the robot.
In assisted reconVguration, a human or an external robot must assist the physical re-
conVguration of the modular robot. This type of modular robots assumes that a human
or another robot is present when there is a need for the robot to be reconVgured. The
Molecubes on Fig. 2.6 went from using advanced electromagnetic connectors enabling
it to self-reconVgure [95], to friction based pin-and-socket type connectors simplifying,
ruggedizing, and decreasing the cost of the modules [96].
In assisted reconVguration the attachment method can be kept simple, in contrast
to self-reconVgurable modular robots which require an active connection and discon-
nection mechanism. By autonomously reconVguring its modules, a self-reconVgurable
modular robot can change into diUerent shapes for diUerent purposes. Thus, it does not
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(a) A single module
(b) Examples of diUerent conVgurations (c) A rolling track conVgu-
ration with cleats and
sandprotection for im-
proved performance
Figure 2.10: The SuperBot Robot [63] - Characteristics: Homogeneous, rigid, self-recon-
Vgurable, hybrid topology
rely on external intervention. In search and rescue operations, as an example, a self-re-
conVgurable modular robot is able to enter a small entrance as a snake, and reconVgure
once inside.
Several sophisticated modular robots have been proposed focusing on self-reconVgu-
ration. The M-TRAN modular robot has shown several examples and demos of self-re-
conVguration [49, 37]. Fig 2.3 shows the latest version of the M-TRAN modular robot
reconVguring from a snake to a 4-legged walker [46]. Each module is composed by
two linked cubes with opposite gender. The cubes can rotate 180 degrees independently
around two parallel axis at each end of the link. The male cube has an active connec-
tion mechanism and the female cube is passive. The active cube can only connect to
the passive cube of another module. The topology of the robot ensures, that only the
oppositly gendered cubes are aligned in self-reconVguration.
Due to its two degrees of freedom a M-TRAN module can autonomously move from
one module to another on the surface of the robot. The ATRON on robot Fig. 2.1
has only one degree of freedom [52]. This degree of freedom is used both to align
connectors of opposite gender, and to move a connected neighbor from one position to
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another. Thus, moving an ATRON module requires collaboration between neighboring
modules.
The Crystalline modular robot [57] self-reconVgures by sliding its modules from one
position to a neighboring position in a 2D quadratic lattice structure, similar to the
sliding puzzle game. This is done by actively contracting and expanding its modules.
The Telecubes [71] uses the same method for self-reconVguration, though it extends the
Crystalline robot from 2D to 3D. The Telecube module is cubic with six expanding and
contracting faces.
Self-reconVgurable modular robots relies on the modules’ actuators to move modules
from one position to another. In stochastic reconVguration the robot takes advantage of
its environment to move the modules to the desired positions. The environment enables
the modules to move around based on statistical processes like Brownian motion. Based
on statistics the modules align and perform connections at some point in time. The
Programmable Parts are little vibrating triangles randomly stirred on an air table [33].
As collisions happen the parts are able to latch on to each other. Another approach is
presented in [77], where modules are submerged in oil. Based on the Wow of the oil,
the modules align, and is able to create a connection if desired.
2.4 robot topologies
The topology of a modular robot is essential to the conVgurations the robot can exist in.
Chain-based modular robots have shown to be good for locomotion and lattice-based
modular robots are advantageous in self-reconVguration. Today most modular robots
are hybrids, and thereby they are able to exist in both chain and lattices structures. We
deVne the topologies as follows:
Lattice – The modules are connected in discrete positions of a lattice, and
can only change shape by reconVguration.
Chain – The modules can only be connected in chains or trees.
Hybrid – The modular robot can exist in both chain and lattice structures.
Lattice-based modular robots can only change shape by reconVguring their modules
within the discrete positions of a predeVned lattice. Examples of lattice-based systems
are the Metamorphic Robotic System [11] and the Fracta [47]. Locomotion with these
systems requires self-reconVguration. The Crystalline [57] and the Telecubes [71] are
also examples of lattice-based modular robots. These systems can only perform very
simple locomotion by inch-worming.
In chain-based systems locomotion have shown to be an easier and more eXcient
task. A modular robot which is able to connect its modules in a chain or a tree, are
characterized as chain-based. A chain of modules can move like a snake, a caterpillar,
or if the two ends of the chain are connected to form a loop, it makes a rolling track
[81, 84, 64, 63]. Fig. 2.4 shows an example of the PolyBot robot in a loop conVguration
climbing stairs.
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Several chains can also be branched into multi-legged walkers. Branching can be
done by having specialized branching nodes. In that case the actuated modules only
need to have two connection faces to make chain structures, like PolyPod [81] and
PolyBot [83]. Fig. 2.4 shows PolyBot in a branched spider conVguration.
Branching can also be done by having more than two connection faces on the ac-
tuated modules like the CONRO modular robot [8, 7]. Fig. 2.2 shows an hexapod
conVguration of the chain-based CONRO robot with a spine and six branched legs.
Self-reconVguration, however, has shown to be easier within a lattice, since the posi-
tions of the modules are easily represented. With chain-based modular robots, aligning
and docking the ends of two chains can be diXcult. Furthermore, a chain can fold up
to be space-Vlling, but the modules are still connected in series. Lattice-based modular
robots can create true interconnected space-Vlling structures. However, in a closely
packed lattice the modules are connected in parallel, which makes it diXcult to actuate
as freely as chain-based systems.
Hybrid modular robots takes advantage of the discrete positions of a lattice to recon-
Vgure into diUerent shapes, and to create parallel and space-Vlling structures. Though,
typically they are reconVgured into chain or tree structures enabling the modules to
actuate freely.
The M-TRAN [49, 37] on Fig. 2.3 is an example of a modular robot which has
shown the same locomotion capabilities of chain-based systems, but it is also able to
self-reconVgure within a cubic lattice. The SuperBot robot on Fig. 2.10 is similar to
M-TRAN, but adds an additional degree of freedom to each module.
2.5 a taxonomy of modular robots
In this thesis we present the mechanical design of two newmodular robotic concepts. In
the above sections we described the characteristics for the research and development of
these concepts. These characteristics are more conceptual, but essential to their design.
In this section we give an overview of some of the more practical characteristics of
the existing modular robots by creating a short overview of the existing systems. We
present the mechanical and electrical characteristics of modular robots, and create a
taxonomy for this thesis and modular robots in general. The taxonomy is inspired by
the previous surveys from [68, 87, 51]. The history of the surveyed systems are listed
in Table 2.2. The mechanical characteristics of the surveyed systems are listed in Table
2.3, and the electrical characteristics in Table 2.4.
2.5.1 Dimension
The real world is 3D, so for a robot to operate in the real world it must be implemented
in 3D. Some systems have been implemented in 2D, but merely as a proof of concept.
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Table 2.1: Overview of the design characteristics of modular robots.
System Homogeneity Deformability
Dynamic
ReconVgurability Topology
CEBOT Open Het. Rigid Self-reconVgurable Chain
PolyPod Closed Het. Rigid Assisted Chain
Metamorphic Homogeneous Rigid Self-reconVgurable Lattice
Fracta Homogeneous Rigid Self-reconVgurable Lattice
Tetrobot Closed Het. Rigid Assisted lattice
PolyBot Closed Het. Rigid Self-reconVgurable Chain
3D-Unit Homogeneous Rigid Self-reconVgurable Lattice
Molecule Closed Het. Rigid Self-reconVgurable Lattice
Vertical Homogeneous Rigid Self-reconVgurable Lattice
CONRO Homogeneous Rigid Self-reconVgurable Chain
Crystalline Homogeneous Rigid Self-reconVgurable Lattice
Micro-Unit Homogeneous Rigid Self-reconVgurable Lattice
I-Cubes Closed Het. Rigid Self-reconVgurable Lattice
M-TRAN Homogeneous Rigid Self-reconVgurable Hybrid
Telecube Homogeneous Rigid Self-reconVgurable Lattice
Chobie Homogeneous Rigid Self-reconVgurable Lattice
ATRON Homogeneous Rigid Self-reconVgurable Hybrid
Catoms Homogeneous Rigid Self-reconVgurable Lattice
Molecube Open Het. Rigid Assisted Hybrid
Programmable Parts Homogeneous Rigid Stochastic Lattice
YaMoR Homogeneous Rigid Assisted Chain
SuperBot Homogeneous Rigid Self-reconVgurable Hybrid
CKBot Open Het. Rigid Assisted Hybrid
Shady3D Closed Het. Rigid Self-reconVgurable Lattice
RobMAT Homogeneous Rigid Assisted Chain
Roombots Homogeneous Rigid Self-reconVgurable Hybrid
Odin Open Het. Deformable Assisted Hybrid
Morpho Closed Het. Deformable Assisted Lattice
iMobot Homogeneous Rigid Assisted Hybrid
Thor Open Het. Rigid Assisted Hybrid
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Table 2.2: Overview of the history of modular robots.
System Year Author AXliation Reference
CEBOT 1988 Fukuda et al. TUS [19, 16]
PolyPod 1993 Yim Stanford [80, 81]
Metamorphic 1993 Chirikjian JHU [10, 54]
Fracta 1994 Murata et al. AIST [47]
Tetrobot 1994 Hamlin et al. RPI [24, 25]
PolyBot 1997 Yim et al. PARC [83, 89]
3D-Unit 1998 Murata et al. AIST [48]
Molecule 1998 Kotay et al. Dartmouth [35]
Vertical 1998 Hosokawa et al. RIKEN [27]
CONRO 1999 Castaño, Will and Shen USC/ISI [78, 8]
Crystalline 1999 Rus and Vona Dartmouth [57, 58]
Micro-Unit 1999 Yoshida et al. AIST [90]
I-Cubes 1999 Ünsal et al. CMU [74]
M-TRAN 1999 Murata et al. AIST [50, 36, 37]
Telecube 2002 Suh et al. PARC [71]
Chobie 2002 Inou et al. TiTech [30, 34]
ATRON 2003 Ostergaard et al. USD [53, 52]
Gear-Unit 2003 Tokashiki et al. Ryukyus [73]
Catoms 2005 Goldstein et al. CMU [23]
Molecube 2005 Zykov et al. Cornell [95, 97, 96]
Programmable Parts 2005 Bishop et al. Washington [5]
YaMoR 2005 Marbach et al. EPFL [43]
SuperBot 2006 Salemi et al. USC/ISI [60]
CKBot 2006 Sastra et al. UPenn [61]
Shady3D 2007 Detweiler et al. MIT [12]
RobMAT 2008 Yerpes et al. UPM [79]
Roombot 2008 Sproewitz et al. EPFL [65]
Odin 2007 Lyder et al. USD [69, 40]
Morpho 2008 Yu et al. Harvard [92, 4, 93]
iMobot 2010 Ryland et al. UCDAVIS [59]
Thor 2010 Lyder et al. USD [41]
TUS: Tokyo University of Science (formerly Science University of Tokyo); Stanford: Stanford University;
JHU: John Hopkins University; AIST: National Institute of Advanced Industrial Science and Technology;
RPI: Rensselaer Polytechnic Institute; PARC: Palo Alto Research Center; Dartmouth: Dartmouth College;
RIKEN: The Institute of Physical and Chemical Research; USC/ISI: University of Southern California, In-
formation Sciences Institute; CMU: Carnegie Mellon University; TiTech: Tokyo Institute of Technology;
USD: University of Southern Denmark; Ryukyus: University of the Ryukyus; Cornell: Cornell University;
Washington: University of Washington; EPFL: École Polytechnique Fédérale de Lausanne; UPenn: Uni-
versity of Pennsylvania; MIT: Massachusetts Institute of Technology; UPM: Universidad Politécnica de
Madrid; Stuttgart: University of Stuttgart; UCDAVIS: University of California, Davis; Harvard: Harvard
University.
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2.5.2 Degrees of Freedom (DoF)
The degrees of freedom of a single module of the existing modular robots varies a lot.
Some designs have a two or more degrees of freedom to increase the motion capabili-
ties of a single module. On the other hand, some designs have only a maximum of one
degree of freedom per module to simplify the motion capabilities and design. The more
degrees of freedom added to a single module, the more degrees of freedom a conVgura-
tion of multiple modules has, which may increase the control complexity. More degrees
of freedom also means more actuators, more power electronics for the actuators, and
thus an increased cost.
2.5.3 Actuation
The actuation or motion capabilities of the existing modular robots are typically rota-
tional. Depending on the design, the axis of rotation is either perpendicular or parallel
to the direction of connection. Some designs embeds both – either by placing multiple
connectors both perpendicular and parallel to the axis of rotation, or by having multiple
degrees of freedom. In a few systems the axis of rotation is 45 degrees on the direction
of connection [52, 96, 65]. Interestingly, these systems have only one degree of freedom
per module, and thus the motion and reconVguration capabilities are very dependent
on the collaboration of multiple modules and their structural design. In contrast, some
designs focus more on the design of the individual module.
Some systems embeds linear actuation along the direction of connection. Linear
actuation is typically used for self-reconVguration by the sliding cube principle. Only
very few systems use linear actuation for changing shape in an existing conVguration.
In this sense, linear actuation may be more diXcult to embed since most system run on
batteries and thereby rotational motors.
2.5.4 Connectors
Modular robots consist of multiple modules which can be dynamically reconVgured
into diUerent robots. To be able to reconVgure, the modules are able to connect and
disconnect to each other using a common connection interface. Thus, the greatest im-
plementation challenges of a modular robot is the connection interface and connection
mechanism. As the functionality of a modular robot is a result of multiple intercon-
nected modules, its functionality relies heavily on the connections between the mod-
ules.
However, the connectors also create an overhead in functionality once the robot is
assembled compared to a conventional robot. The connectors take up space and may
also create mechanical constraints in the design.
Self-reconVgurable modular robots must have actuated connectors for autonomous
reconVguration. Modular robots relying on assisted reconVguration can take advantage
of a human or an external robot for reconVguration.
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2.5.5 Connector Gender
A connection interface can either be gendered or genderless.
A gendered connection interface consist of both a male and a female connector. Male
connectors can only connect to female connectors and vice versa. Two connectors of
the same sex are not able to connect to each other. Gendered connectors are mostly
used with modular robots where its topology and reconVguration method ensures that
a male connector is always adjacent to a female connector.
The modules of a modular robot with a genderless connection interface can be placed
at any position and orientation within the robots topology. Since they have no gender,
all connectors are able to connect to each other. This may simplify the reconVguration
procedure – but a genderless connection interface is only useful if the module design
allows connectors of the same gender to be aligned, and if their relative orientation is
varying.
The design of a gendered connector is typically simpler than that of a genderless
connector. The genderless connector needs to encapsulate all the functionality of both
the male and the female connector – in symmetry. For example, an active locking
mechanism can be placed in the male connector, where the female only needs to be
passive. A genderless connector would have to encapsulate both, in a symmetric pattern
allowing two opposite connectors to come together.
2.5.6 Attachment method
The modules of a modular robot can be physically connected in multiple conVgurations.
The physical connection must allow the modules to easily connect and disconnect to
reconVgure the robot. This is done by having an attachment mechanism that holds
modules together. The performance of a robot relies heavily on the conVguration of
modules, which makes the common connector the most crucial part of a modular robot.
The connector must ensure a secure physical connection between modules, and allow
the modules to be conVgured in its topology.
A mechanical attachment mechanism consist of a physical latching mechanism, ei-
ther actuated by a small motor, a SMA wire, or a human. The PolyBot has a genderless
four redundant mechanical connection mechanism [89]. Four pins protrude four holes
and are locked by a passive spring loaded latch mechanism. The pins can be actively
unlocked by a SMA wire. The ATRON modular robot has a gendered mechanical con-
nection mechanism [52]. Three hooks are actuated by a small motor on the male con-
nector and grabs three rods on the female connector. When the two modules are locked
together a bistable mechanism ensures that the hooks are not back-drivable.
The Lego brick is famous for its connection mechanism relying on friction, where
small pins on top of the brick enters the holes on the bottom of another brick. The
bricks are pulled apart by overcoming the friction forces holding them together. The
Molecubes [96] uses a similar pin and hole locking mechanism relying on friction to
hold two modules together.
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An electromagnetic connection mechanism uses a powered magnetic force to hold
modules together. However, electromagnets are very power consuming, so for the Tele-
cube [71] they used a mechanism with switching permanent magnets. A switching
permanent magnet goes from an unlatched to a latched state by shifting the magnetic
Wux from an internal magnetic path to an external one.
Permanent magnets have limited strength, and if the magnetic force is overcome
two modules can be pulled apart. Previous versions of the M-TRAN modular robot
used permanent magnets to hold two modules together [49]. By pulling the magnets
apart using SMA wire the modules disconnected. To increase the holding force the
current version the M-TRAN uses mechanical hooks [46].
The limited holding forces of permanent magnets can also be used as an advantage.
Using magnetic connectors, experiments with the CKBot shows that the forces of an
explosion makes clusters of modules disconnect instead of damaging the robot [88].
The clusters are then able to self-assemble back into a robot.
Alternative attachment methods are the electrostatic proposed in [32], and the vac-
uum proposed in [20]. Each connection face of an electrostatic connecter has two
halves of a capacitor, and when two faces come in contact the pair of capacitors is
complete. When the capacitors are charged they create a holding force between the
two faces. In addition the capacitors can be used to transfer power and communication
between two modules. When a module is connected to a robot using a vacuum-based
attachment method, the vacuum extends to that module and holds it in place. If the
vacuum is removed all modules come apart.
2.5.7 Controller
As deVned, a robot must be autonomous and thereby have an onboard controller. The
controller of a modular robot is typically distributed among its active modules, though
in some cases it is centralized. A modular robot may consist of a large number of
modules. A centralized controller does not scale up, and may not be able to control
large number of modules. Furthermore, if the centralized controller fails, the entire
robot fails.
In distributed control, the robots overall performance is less dependent on a single
modules failure. The controller is scalable and able to handle large numbers of modules.
However, distributed control relies heavily on the communication between modules.
A number of the existing modular robots have only been presented using a remote
host as the controller, as a proof of concept of its design and for early experiments.
2.5.8 Power
A number of the existing modular robots have only been presented using external
power. For experiments, external power is often suXcient and a simpler solution. How-
ever, in real world applications it may not be possible to carry a wire, and thus the
robot must have onboard power. Onboard power is typically provided by batteries
distributed among all or a subset of modules. Some systems include power sharing be-
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Table 2.3: Overview of the mechanical design of existing modular robots
Robot Dim. DoF Actuation
Connectors
(Actuated)
Connector
Gender
Attachment
Method
CEBOT 3D 0 / 1 - / ⊥ or ‖ or l 2 (2) … Mechanical
PolyPod 3D 0 / 2 - / ⊥ and l 6 (0) / 2 (0) { Mechanical
Metamorphic 2D 3 ⊥ 6 (3) … Mechanical
Fracta 2D 0 ⊥ 3 (3) … Electromagnets
Tetrobot 3D 0/1 - / l 2/2 (0) … Mechanical
PolyBot 3D 0/1 - / ⊥ 0 / 2 (2) { Mechanical, SMA
3D-Unit 3D 6 ‖ 6 (6) { Mechanical
Molecule 3D 4 ⊥ and ‖ 10 (10) … Mechanical
Vertical 2D 2 ⊥ 1 (1) { Permanent mag-
nets, mechanical
CONRO 3D 2 ⊥ and ‖ 4 (1) … Mechanical, SMA
Crystalline 2D 1 l 4 (1) … Mechanical
Micro-Unit 2D 2 ⊥ 4 (2) … Mechanical
I-Cubes 3D 0 / 3 ⊥ and ‖ 4 (4) / 2 (2) … Mechanical
M-TRAN 3D 2 ⊥ and ‖ 6 (3) … Mechanical
Telecube 3D 6 l 6 (6) { Switching perma-
nent magnets
Chobie 2D 2 ⊥ and l 4 (2) … Mechanical
ATRON 3D 1 45◦ 8 (4) … Mechanical
Catoms 2D 24 ⊥ 24 (24) { Electromagnets
Molecube 3D 1 45◦ 6 (0) { Friction
Programmable Parts 2D 1 Vibration 3 (3) { Magnetic
YaMoR 3D 1 ⊥ 4 (0) { Mechanical
SuperBot 3D 3 ⊥ and ‖ 6 (6) { Mechanical
CKBot 3D 1 ⊥ and ‖ 4 (0) { Mechanical
Shady3D 3D 0 / 3 ⊥ and ‖ 0 / 2 (2) … Mechanical
RobMAT 3D 3 ⊥ and ‖ 2 (1) { Electromagnets
or Mechanical
Roombot 3D 1 45◦ 6 (6) { Mechanical
Odin 3D 0 / 1 l 12 (0) / 2 (0) … Mechanical
Morpho 3D 0 / 1 l 3 (0) / 2(0) … Mechanical
iMobot 3D 4 ⊥ and ‖ 6 (0) { Mechanical
Thor 3D 0 / 1 - / ⊥ or ‖ various { Mechanical
Symbols: /: Multiple modules divider; -: No actuation; ⊥: Axis of rotation perpendicular to direction of
connection; ‖: Axis of rotation parallel to direction of connection; l: Linear actuation along direction
of connection; …: Gendered connection mechanism; {: Genderless connection mechanism; N.A.: Not
applicable.
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tween modules so that power can be supplied to a single or a subset of the modules in
a conVguration. This allows heterogeneous modular robots to have specialized battery
modules powering the entire robot.
Batteries deplete over time and must be charged regularly. In systems with a large
number of modules, charging every module can be a tedious task. Power sharing en-
ables the possibility of running and charging all modules even though only a single or
a few modules are connected to external power.
2.5.9 Communication media
The communication media of the existing modular robots are either wireless or elec-
trical. The advantage of wireless communication is that it does not require a physical
connection. This does not only simplify the implementation of the connector, but it
also allows disconnected modules to communicate. Optical IR sensors are often used
for wireless communication between neighboring modules. They can also be used for
proximity sensing and docking aid. The drawbacks of an wireless communication me-
dia is that is has a lower bandwidth, and it is usually less stable. If communication
Veld between two modules based on an optical communication media, connected or
disconnected, is not sealed, the stability is often aUected by optical interference. This
interference can be ambient light, or by the reWecting light of other modules commu-
nicating. In other wireless communication medias, such as bluetooth, zigbee, or wiV,
communication may be interfered by other similar wireless medias.
The communication bandwidth of an electrical connection is limited by the resis-
tance in the connection and the noise on the communication line.
2.5.10 Communication method
The communication between modules is essential to the functionality and performance
of a modular robot. In order to perform a task, the interactions between these modules
are crucial. If the controllers are distributed among the active modules of a modular
robot, the control relies heavily on the communication between modules. Three com-
munication schemes have been proposed, local, global, and hybrid. The schemes are
illustrated on Fig. 2.11.
Local communication is performed only between neighboring modules, whereas
global communication is broadcasted throughout the entire robot. The problem with
global communication is that for each active module added to a robot, the communi-
cation load increases on the robot’s shared communication media. Each module must
therefore also be able to handle larger amounts of communication data, including data
which is not relevant to that speciVc module. Therefore, global communication does
not scale to high numbers of modules. On the other hand, a great advantage of global
communication is that the controller does not need to worry on who receives what,
since all modules receives everything. However, as a consequence, it is more diXcult
to put an address on the data received in distributed control, where module id’s are not
Vxed.
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(a) Local communication (b) Global communication (c) Hybrid communication
Figure 2.11: Communication schemes [22]
Local communication scales to high numbers of modules. The communication media
is only shared between two neighboring modules, and each module must only handle
data from its neighbors. A module may not know its position in the topology of a large
robot, but communication data can be addressed to and from its neighbors, which again
is able to address data to their neighbors. Data to and from distant modules must be
routed from module to module throughout the robot. This makes the communication
to distant modules slower, since it may have to go through many hops.
Garcia et al proposes a hybrid communication network in [22]. Hybrid communica-
tion is not to be confused with systems which embeds both local and global communi-
cation on two separate communication media. In hybrid communication, the modules
are able to create multiple communication busses throughout the robot on the same
communication media. By default, communication is performed neighbor to neighbor,
but if a module needs to exchange data with a distant module, a bus can be created by
the intermediate modules. on the same communication media.
2.5.11 Sensors
Most of the sensors in the existing modular robots are internal and included to enable
control of motors, connectors, and self-reconVguration. All of these sensors provide in-
formation about the own state of a module, and are used to demonstrate the capabilities
of the robot. However, for a modular robot to exist and adapt to real world applications
it must also have knowledge about the environment it exist in. The internal sensors of a
robot can to a limited degree be used to detect the environment. Several systems have
utilized optical sensors for both communication and proximity sensing. Accelerome-
ters meant to detect the orientation of modules for self-reconVguration can be used to
detect the orientation of the entire robot. Force sensors, normally preventing internal
damage to a module can be used to detect obstacles in the environment.
Despite internal sensors which can double as environmental sensors, very little at-
tention has been put to environmental sensors in modular robots. A few examples
have added cameras [88, 79], and force sensors [62]. This thesis does not focus on en-
vironmental sensors for modular robots, but we encourage further development in this
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direction. By developing an open heterogeneous modular robot, new sensors can easily
be added when needed.
2.6 conclusion
In this chapter we deVned the essential characteristics of modular robots to this thesis,
and gave an overview of the characteristics of the existing modular robots. We intro-
duced open heterogeneity as a new category of module homogeneity. In contrast to
homogeneous and closed heterogeneous modular robots, an open heterogeneous modu-
lar robot can easily be extended with new functionality without redesigning the entire
robot. Most applications require specialized sensors, manipulators, or a special means
of locomotion. By dividing the functionality of a modular robot into several func-
tionally diUerent modules, the design is simpliVed and the overhead in components is
minimized.
In this chapter we also introduced deformability as a new design approach to mod-
ular robots. By adding deformability to modular robots they are able to passively
adapt to changing environments while maintaining their conVguration and without
additional control. By introducing deformability we also introduce new motion capa-
bilities of lattice-based robots where modules are connected in parallel. Rigid modular
robots connected in parallel require tightly coordinated actions to actuate, and the mo-
tion capabilities are signiVcantly limited by the mechanical constraints.
Surveying the existing systems we Vnd that the heterogeneous systems has received
very little attention, and deformability has not yet been investigated for modular robots.
The primary focus has been on self-reconVguration and locomotion with chain-based
systems. Both subjects that are very interesting, and has shown impressive results.
With self-reconVgurable modular robots there are several complexities involved in
changing shape by autonomously reconVguring modules. The complexity of the con-
nection mechanism and control theory often becomes dominant compared to the prac-
tical usability of the modular robot. In this thesis we assume that the reconVguration
process is assisted by a human. This allows us to focus on the practical usability of the
modular robot.
In this thesis we present the design of two new modular robots, Odin and Thor. In
this chapter we have presented a general overview of the mechanical and electrical
characteristics of existing modular robots to gain knowledge on the existing technolo-
gies in this Veld. In addition we have outlined the advantages and disadvantages of
some of the design choices and created a taxonomy for modular robots.
In combination with the introduction, this chapter has created the basis and motiva-
tion for the development of the modular robots presented in this thesis. We conclude
that deformability may introduce new motion capabilities of modular robots with the
ability to passively adapt to changing environments. We also conclude that by intro-
ducing open heterogeneous modular robots we may potentially increase the versatility
of robots.
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Table 2.4: Overview of the electrical characteristics of modular robots.
System Computation Power
Comm.
media
Comm.
method Sensors
CEBOT Distributed ? Optical &
Electrical
Global Proximity, photodi-
odes and ultrasonic,
docking aid
PolyPod Distributed Shared Optical Global Position, proximity,
force
Metamorphic Remote host External None ? None
Fracta Distributed External Optical Local None
Tetrobot Central Central None ? None
PolyBot Distributed Shared Optical &
electrical
Local Joint position, dock-
ing aid, force
3D-Unit Remote host External None ? Joint position, angle
Molecule Remote host External None ? None
Vertical Remote host Distributed None ? Angle of connector
CONRO Distributed Distributed Optical Local Docking aid
Crystalline Distributed Distributed Optical ? Joint position
Micro-Unit Remote host External None Local None
I-Cubes Distributed Distributed Electrical ? Joint position
M-TRAN Distributed Shared Electrical Local &
Global
Joint position, orien-
tation
Telecube ? External Optical Local Docking aid
Chobie Distributed Distributed Optical Local Force
ATRON Distributed Distributed Optical Local Joint position, prox-
imity, accelerometer
Catoms Distributed External Optical &
wireless
Local Orientation
Molecube Distributed Shared Electrical Global None
Programmable Parts Distributed Distributed Optical Local None
YaMoR Distributed Distributed Bluetooth Global None
SuperBot Distributed Shared Optical Local Joint position
CKBot Distributed Shared Electrical &
Optical
Local &
Global
Force
Shady3D Distributed Distributed Bluetooth Global ConVguration, mis-
alignment
RobMAT Distributed Distributed Electrical &
Bluetooth
Global Camera
Roombots Distributed Distributed Electrical Global ?
Odin Distributed Shared Electrical Hybrid Linear position
Morpho Remote host External None ? ?
iMobot ? ? None None ?
Thor Distributed Shared Electrical Hybrid Joint rotation
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3
EX P ER IMENTS ON DEFORMAB I L I T Y BY EX P LO I T I NG
COMPL IANT CONNECTORS
One of the primary research topics on modular robots is on self-reconVgurability. In
this thesis we remove the often dominant complexity of autonomous self-reconVgura-
tion, and assume that a human is present for reconVguration. This allows us to focus
more on the practical usabilty of modular robots. In the previous chapter we concluded
that research in deformability for modular robots is very limited. However, deformable
modular robots may introduce the ability to adapt to changing environments without
reconVguring.
Most of the existing modular robots are rigid, and their shape is completely con-
trolled by the actuators within the system. But what happens if we allow the shape to
passively deform and adapt to both internally actuated forces and external forces ap-
plied by the environment? In this chapter we investigate the potential of deformability
by introducing passive compliant connectors in modular robots.
Passive compliant connectors allow a modular robot to deform and adapt to an envi-
ronment, while maintaining its conVguration. The compliant connectors also make the
individual modules less constrained to actuation, especially in a lattice structure. We
present a modular robot prototype to experiment with passive compliant connectors
with varying springiness. We utilize this robot for experimenting with the locomotion
capabilities of a 2D deformable modular robot in conVned spaces.
We conclude that a certain deformability gained from compliant connectors can in-
crease the mobility of a lattice-based modular robot in conVned spaces.
3.1 passive compliant connectors
Rigid modular robots are connected using rigid connectors. The connectors provide
structural strength, and enables the robot to overcome gravity and other external forces.
A rigid modular robot has complete control of its shape, and the direction of every force
it is able to exert. All of this may be a great advantage when controlling the direction
of locomotion, and when manipulating objects in an environment.
However, the motion capabilities of a rigid modular robot connected in a lattice are
very constrained. In a lattice the modules are connected in parallel, and the actions of
the modules must be tightly coordinated within the constraints to create motion. As a
consequence, most of the existing modular robots are only able to perform sophisticated
and versatile motions when connected in a chain conVguration, where the modules are
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(a) Hard (b) Medium (c) Soft
Figure 3.1: Connector types for modules connected through a joint in a hexagonal lat-
tice. The point-based connections have an angular degree of freedom. The
angular rotation of the hard connector is based on the elasticity of the mate-
rial making it almost rigid. The medium connector is spring-loaded and the
soft connector has free angular rotation.
connected in series. Though, in a chain conVguration the strength of a rigid modular
robot is limited to the strength of one module, or a single connection between two
modules. The strength does not scale up with the number of modules.
We introduce a passive compliant connector allowing modules to actuate in parallel.
Compliant connections between the modules creates less constraints on the actuating
modules within a lattice. In contrast to being locked within a rigid structure, all of the
actuated modules can contribute to the motion capabilities of the robot.
The compliant connectors allow the shape of the modular robot to change without
reconVguration, and passively deform and adapt to both internal and external forces of
the robot. Compliant connectors will yield to applied forces depending on the springi-
ness and allow the forces to be distributed throughout the robot. The strength of the
modules and connections can be increased by connecting modules in parallel, and it
scales with the number of modules.
For the following experiments we deVne three types of connectors with diUerent
compliancy, illustrated on Fig. 3.1. The connections are point-based with an angular
degree of freedom, which means that a module can rotate around its connection point.
• The hard connector’s Wexibility is based on the elasticity of the materials. If the
materials had inVnitely low elasticity, the connections would be rigid.
• Themedium connector has spring-loaded angular movement around the connec-
tion point.
• The soft connector has free angular movement around the connection point.
The hard connector has a very short deformation range, similar to a rigid modular
robot. They induce a very stiU structure making it diXcult for the robot to adapt to
outside forces, similar to a rigid modular robot. Due to the structure being almost rigid,
the angles will remain close to the initial angles of the structure, and make the direction
of locomotion easier to control.
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Figure 3.2: Lego-based prototype consisting of eleven modules in two connected hexag-
onals. The triangular arrangement of the connection points creates the
hexagonal lattice. Each module is actuated using a Lego motor, which is ex-
ternally controlled by a Lego Mindstorms RCX. The modules communicate
with neighbouring modules through the RCXs built-in IR communication.
The medium and soft connectors create a deformable modular robot. With spring-
loaded compliancy the medium connector has a high elastic deformation range. The
deformation is reversible and therefore the angle of connection remains as close to the
initial angles as the outside forces allow them to be. With medium connectors it may
both be possible to control the direction of motion of the robot, and allow it to adapt to
external forces.
The soft connector has a very short elastic deformation range, and a long passive
deformation range. The deformation is not reversible, which may allow it to easily
adapt to applied forces, though, it may only be able to exert minimal forces on the
environment.
3.2 experimental setup
By creating a modular robot prototype, which can be equipped with hard connectors,
medium connectors, as well as soft connectors, we can test them in diUerent environ-
ments. The robot is programmed to perform caterpillar-like locomotion in four envi-
ronments.
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(a) Hard (b) Medium (c) Soft
Figure 3.3: Lego-based connection types on a triangular joint. A rod is locking the
angular rotation of the hard connector. The spring-loaded angular roation
of the medium connector is created using a rubber band. The soft connector
has free angular rotation with very small friction.
3.2.1 Robot prototype
A 2-dimensional Lego-based prototype with linear-actuated modules is constructed.
Each module is actuated using a Lego motor, and it is externally controlled by a Lego
Mindstorms RCX. The RCXs enable the modules to communicate with neighboring
modules using the built-in IR communication. The modules connect through a triangu-
lar joint which allows for the three diUerent connector types.
The hard connector is created by placing a rod to lock the rotation of a module
around the connection point, but the structure still has small Wexibility due to the elas-
ticity of the materials. The medium connector is created by placing a rubber band
instead of the rod, which creates a spring-like rotation around the connection point.
The soft connector has almost free rotation around the connection point and only very
small resistance due to friction.
If the modules are contracted, the connections allow the modules to rotate 32 degrees
to each side before hitting neighboring modules rotated 0 degrees. When the modules
are expanded, they are able to rotate up to 112 degrees before hitting a neighboring
module at 0 degrees. Fig. 3.3 shows the implementation of the three diUerent connector
types.
A module is 5.4cm in length between the connection points in its contracted state
and extends to 10.8cm which is a ratio of 2. The triangular joints create a hexagonal
lattice structure also known as a honeycomb lattice. Eleven modules and ten joints
have been constructed to create a lattice with two hexagonals. The robot’s length and
width, when all modules are contracted, are 39.6cm and 24.0cm respectively, which
extends to 53.3cm and 30.6cm when all the modules are expanded.
The weight of the robot including 11modules and 10 joints is 860 grams. The robot’s
static friction constant on the surface of the environment is 0.36, and the dynamic
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Figure 3.4: Caterpillar locomotion – ln indicates the length of a module between two
joints. Using role based control, the modules within the robot create
caterpillar-like locomotion.
friction constant is 0.32. Each module is able to pull with a force of 1.9N, and the
entire robot is able to pull with a force of 4.9N. The maximum deformation of the robot
measured in linear strain is 0.49 when the modules are contracted, and 0.97 when the
modules are expanded.
3.2.2 Locomotion
We facilitate a caterpillar-like locomotion pattern for moving the robot forward using
simple role-based control with only neighbour-to-neighbour communication [70]. The
modules enable us to change the distance between the joints. Each joint provides equal
friction on the surface.
Fig. 3.4 shows the principle of the caterpillar locomotion. At t = 0 the module
expands, after a delay d the module contracts, and sends a message to its children to
reset their self-contained timer, which performs the same operation. The locomotion
behavior algorithm can be written as follows:
t =0
while ( t rue ) {
i f < p a r e n t s i g n a l s > then t = 0
i f ( t = 0 ) then <expand >
e l s e i f ( t = d ) then
< s i g n a l c h i l d modules t o r e s e t and c o n t r a c t >
t = ( t + 1 ) modulu T
}
T denotes the time for one cycle. By setting T = 3d we ensure that only two out of six
nodes will move at each step since the friction of the remaining four joints exceeds the
two moving nodes. The delay d is set to approximately 500ms for the experiments. A
complete cycle T is therefore approximately 1.5s.
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Figure 3.5: Tracks for experiments – Both tracks have been constructed with a width
of 30cm and 24cm creating four environments. The straight tracks have a
length of 110cm between the start line and the Vnish line. The turn tracks
have two turns. The Vrst turn is 45 degrees counterclockwise, and the sec-
ond turn is 45 degrees clockwise. Both turn tracks have a length of 137cm
between the start line and the Vnish line near to ends of the track. The start
and Vnish lines near to the second turn are used to time a turn.
3.2.3 Environments
We perform experiments with locomotion in four diUerent environments. The Vrst
environment is a straight track with a width of 30cm, approximately equivalent to the
width of the robot in its fully expanded state. The second environment is also a straight
track, but with a narrow width of 24 cm, equivalent to the width of the robot in its fully
contracted state. Both straight tracks have a length of 110cm between the start line and
the Vnish line shown in Fig. 3.5a.
The third and fourth environment shown on Fig. 3.5b is a track with two turns with
widths of 30cm and 24cm respectively, similar to the Vrst two environments. The Vrst
turn is 45 degrees counterclockwise, and the second turn is 45 degrees clockwise. Both
turn tracks have a length of 137cm between the start line and the Vnish line near to
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Table 3.1: Average times to complete the Vve experiments using three diUerent types of
connectors.
Experiment
Hard
Connector
Medium
Connector
Soft
Connector
Wide Straight Track 56.8 58.6 117.0
Narrow Straight Track 51.1 49.7 95.2
Wide Turn Track 75.9 81.9 176
Narrow Turn Track 98.5 85.5 118.3
Single Turn 36.9 19.3 27.9
The unit of all values is seconds. The best performance of every experiment is marked with bold.
ends of the track. The start and Vnish lines near to the second turn are used to time a
turn.
3.3 experiments
The goal is to investigate the performance of the diUerent connector types in diUerent
environments to gain knowledge about tradeoUs in connector design. Five locomotion
experiments have been performed using the Lego-based prototype in the above envi-
ronments. Each experiment is done with all three connector types and repeated 15
times for consistency. The Vrst two experiments are performed using the straight track
environments to investigate the connectors’ inWuence on forward movement. In the
next two experiments we investigate the inWuence of the passive compliant connectors
in the turn-track environments. Finally, we investigate the connectors’ performance in
a single turn.
3.3.1 Straight track
Fig. 3.6 shows the results from the straight-track experiments. The average time to
complete the straight track is shown with a square and triangular marker for the 30cm
wide track and the 24cm narrow track respectively. The standard deviation is shown
using vertical lines around the markers. The hard and medium connectors show no
signiVcant diUerence with an average time of 56.5s and 58.6s respectively to complete
the wide straight-track environment. The standard deviation of the results, however,
is signiVcantly diUerent1. The hard connectors are marginally more stable than the
medium connectors. The soft connectors perform signiVcantly worse with an average
time of 117.0s and high deviation. The robot with soft connectors tended to collapse
when moving with free space around it, and it only completed the track in 10 of the
15 runs. In the cases where it did not complete the track the robot turned around and
moved in the opposite direction.
1 5% signiVcance level
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Figure 3.6: Experimental results for the robots’ performance on a straight track. The av-
erage time to complete the straight track is shown with a square and triangu-
lar marker for the 30cm wide track and the 24cm narrow track respectively.
The standard deviation is shown using vertical lines around the markers.
All three types of robots moved faster in the 24cm straight-track environment. The
hard and medium connectors did not show any signiVcant diUerence with average
times to complete the track in 51.1s and 49.7s respectively. However, the robot with
medium connectors is a bit more stable than the robot with hard connectors. The soft
connectors again performed signiVcantly worse with an average time of 95.2s. The
robots with hard and medium connectors took advantage of the narrow track by push-
ing against the walls to push themselves forward, where the soft-connector robot had
diXculties in directing the forces outwards. However, the robot with soft connectors
completed the narrow track in every run, and performed signiVcantly better than with
the wider track.
Observing the experiments, the robot using hard connectors is better at directing
the forces forward due to its more stiU structure. However, the robot using medium
connectors does not perform signiVcantly worse in the straight-track environments.
The robot with medium connectors relies a lot on the walls to align its direction whereas
the robot with hard connectors runs more directly through the track. The robot with
soft connectors relies even more on the walls aligning its direction, and the results show
a great improvement when running in the narrow 24cm track.
3.3.2 Turn track
The results from the turn-track experiments are shown on Fig. 3.7. The average time
to complete the turn track is shown with a square and triangular marker for the 30cm
wide track and the 24cm narrow track respectively. The standard deviation is shown
using vertical lines around the markers. In the 30cm wide turn-track environment the
robots using hard and medium connectors showed no signiVcant diUerence in average
time to complete, nor in deviation. The average times were 75.9s and 81.9s for robots
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Figure 3.7: Experimental results for the robots’ performance on a track with turns. The
average time to complete the turn track is shown with a square and triangu-
lar marker for the 30cm wide track and the 24cm narrow track respectively.
The standard deviation is shown using vertical lines around the markers.
with hard and medium connectors respectively. The robot with soft connectors was
again signiVcantly worse with an average time of 176s.
The medium-connector robot performed signiVcantly better in average time to com-
plete the narrow 24cm turn track than the robot with hard connectors. Even though the
soft-connector robot still performs worse, its time to complete is a lot better compared
to the above experiments. The average times to complete was 98.5s, 85.5s, and 118.3s
for the robots with hard, medium, and soft connectors respectively. The deviations are
not signiVcantly diUerent between the results from the robots using hard and medium
connectors, but the results from the soft connectors still have signiVcantly higher devi-
ation.
There is no diUerence in performance between hard and medium connectors in the
30cm wide turn track since the robot with hard connectors has space to turn its stiU
structure. However, the robot with hard connectors has greater diXculties in turning its
stiU structure in the narrow turns of the 24cm turn track, where the medium connectors
allow the robot to bend and turn faster. Observing this situation it can be seen that the
medium connected robot runs more smoothly through the narrow corners. The hard
connected robot runs fast through the straight areas of the track but in the corners it
performs randomly. It seems that the forces of the medium connected robot is more
evened out and balanced throughout the body where the forces of the hard connected
robot are very directional.
3.3.3 Single turn
Fig. 3.8 shows the results from the robot prototype completing a single turn in the
narrow turn-track environment. The average time to complete the turn is shown with
a square marker, and the vertical lines show the standard deviation. From the ex-
periments of the turn track it was observed that the robot with medium connectors
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Figure 3.8: Experimental results for the robots’ performance in a single turn. This exper-
iment is only performed in the narrow turn-track environment. The average
time to complete the turn is shown with a square marker, and the vertical
lines show the standard deviation.
performed better in turns, and the robot with hard connectors gained a bit of time
when aligning to the straight sections of the turn track. Therefore, we measured the
performance of the diUerent connectors in a single turn. These results showed that the
robot with medium connectors performed signiVcantly better with an average time to
complete the turn in 19.3s. The results also showed that the robot with soft connectors
performed a bit better, though not signiVcantly, with an average time of 27.9s compared
to the robot with hard connectors, which completed the turn in an average of 36.9s. The
deviation is also lowest for the robot with medium connectors, and the robot with hard
connectors has the highest deviation.
These results emphasize that the robot using spring-loaded connectors is better at
making turns and its forces can still be controlled to perform stable locomotion in a
given direction.
3.4 discussion
We can imagine a square robot wanting to enter a circular hole. If the structure of the
robot is rigid, it would have to rearrange its modules to get through. A deformable
modular robot with compliant connections may, however, be able to adapt to the cir-
cular hole and squeeze itself through. The environments that we used to perform the
locomotion experiments in are not as advanced as real-world environments would be,
but they could relate to narrow caves and cracks, where the robot could perform explo-
ration. They could also relate to pipes which might need inspection. Furthermore, the
environment could be a passageway for crash sites, where search and rescue operations
are performed to save the life of entrapped people.
The performed locomotion experiments utilize the ability to deform when acting in
physical environments. The results show that deformability does not show advantages
when the robot performs locomotion in simple environments such as the straight track,
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but when a more complex environment is introduced the ability to deform makes the
more compliant robot perform better. Due to its non-reversible deformation the robot
with soft connectors does not direct the forces provided by the modules well for forward
locomotion. The connectors collapse, which makes it diXcult for the robot to keep the
same direction, and its performance in the environments is random.
The presented experiments did not prove the compliant connections to be better nor
worse than rigid connections. Further insight will require a more thorough investi-
gation with smaller intervals in compliancy creating a picture of when exactly does
Wexibility become an advantage. In further investigation it would also be interesting
to measure the strain of the connections, while the robot moves in the diUerent en-
vironments. However, the experiments did indicate that compliant connections and
deformable modular robots have potential in applications, which require squeezing
through conVned spaces.
We believe that compliant connectors can perform other tasks than locomotion in
physical environments with advantages. The spring-like structure could also absorb
shocks if the robot were to fall from an edge, or if it were used to support a building in
an earthquake area. The Wexibility of the system could also be used to carry and handle
delicate equipment. By combining substructures of rigid and compliant connectors
more accurate manipulation might be possible. We could also imagine that the springs
within the structure could store energy which could be released quickly for jumping.
3.5 conclusion
In this chapter we performed experiments on deformability for modular robots. From
the results of the experiments we observed that the ability to passively adapt to chang-
ing environments can be achieved by introducing compliant connectors. Rigid mod-
ular robots may perform very well in simple and static environments. However, the
experiments presented in this chapter indicate that deformable modular robots may
potentially perform better in more complex environments.
The experiments showed a tradeoU in deformability, whether the modular robot is
too soft or too hard. A soft deformable modular robot may easily adapt to external
forces, but it is only able to exert small forces on the environment. The force required
for the robot to deform and adapt is not stored, and the robot is not able to push back.
The soft compliant connectors simply made the robot collapse, and it is merely due
to the physical constraints that it still moved. In 3D the robots own weight has to be
overcome due to gravity.
On the other hand, the hard connectors showed that a too hard or rigid modular
robot has diXculties adapting to the environment. With hard connectors, the robot
struggled to get through the narrow turn. In directed locomotion the robot with hard
connectors performed well, though, not signiVcantly better than the robot with medium
connectors.
The medium connectors showed that reversible deformability enabled the robot to
push back on the environment and still adapt to the narrow turns.
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This chapter serves as a preliminary investigation to explore the potential of de-
formable modular robots. We conclude that a certain deformability gained from com-
pliant connectors can increase the mobility of a 2D modular robot in conVned spaces
without additional control. The following chapter presents the implementation of the
Vrst deformable modular robot in 3D.
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4
REAL I Z ING OD I N - A DEFORMABLE OP EN
HETEROGENEOUS MODULAR ROBOT
In biology the same set of building blocks are combined to create a large variety of
highly sophisticated animals with large variety of capabilities and advantages for the
speciVc environments in which they exist. These building blocks provide diUerent func-
tionality to an animal. For example, bones that create structures, and muscles that
create actuation for locomotion and manipulation, and they are all equipped with so-
phisticated sensory systems. Similarly, modular robots consist of multiple modules
which can be dynamically reconVgured and assume various morphologies. Thereby, a
modular robot can potentially be adapted for many diUerent purposes and application
domains.
Most research in modular robotics has focused on self-reconVguration for autonomous
adaptation to challenging environments. In this thesis we remove the often dominant
complexity involved in self-reconVguration, and assume that a human is present for
reconVguration. We focus on increasing the practical usability of modular robots by
introducing deformability as another means of autonomous adaptation, and by intro-
ducing an open heterogeneous design concept.
In the previous chapter we showed a potential of deformability for modular robots.
We showed that a deformable modular robot is able to passively adapt its shape to a
challenging environment, while maintaining its conVguration and without additional
control. Deformability can be implemented by spring-loaded passive compliant connec-
tors. The connectors does not only enable the robot to adapt to external forces, but also
allows parallel modules to actuate with less constraints and contribute to the robots
capabilities. Using actuated modules the robot can actively change the internal forces.
The shape of a deformable modular robot is, therefore, a result of the internal forces
and the external forces applied to the system.
In this chapter we present the design and implementation of the Odin modular robot
– a deformable open heterogeneous modular robot. The conventional robots we know
today have very speciVc functionality, especially in terms of sensing and end-eUectors.
Actuators can to a degree be generalized to bending, rotational, and linear motion.
However, sensors and end-eUectors exist in all shapes and sized. It is practically impos-
sible to put the functionality of all conventional robots into a set of homogeneous or
closed heterogenous modules. Therefore, we divide the robot into a set of functionally
diUerent modules, and present an open heterogeneous design concept which can easily
be extended with new functionality.
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Figure 4.1: The Odin modular robot in a cubic closed packed conVguration. The conVgu-
ration consists of 8 links with telescoping bodies (black), 6 links with battery
bodies (white), and 7 nodes. All of the bodies holds two passive compliant
connectors, and are connected in between two nodes.
The Odin modular robot is named after the chief god from the Norse mythology.
According to myth Odin is able to change his shape into animal form. He is known
to take on the shape of a Vsh, a worm, a bird, or a beast to utilize their sophisticated
capabilities.
4.1 the odin concept
The Odin modular robot is based on a deformable lattice, and consist of an open set of
heterogeneous modules. The robot relies on assisted reconVguration for changing the
morphology of the robot. This section describes the overall concept of the Odin robot.
4.1.1 Open Heterogeneous
A modular robot must at least have a common connection interface to allow the mod-
ules to be assembled in diUerent conVgurations. Thus, the connection interface must be
homogeneous. As long as the modules are able to connect to each other, their remain-
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Figure 4.2: Odin modules – A CCP node and a link consisting of two passive compliant
connectors and a telescoping body in between.
ing functionality can diUer. The Odin modular robot deVnes a gendered point based
connection interface, described later in this chapter.
The functionality of the Odin robot is divided into multiple types of modules: Nodes,
connectors, and bodies. The individual modules are kept simple providing only little
functionality to the robot. By combining these simple modules, their functionality adds
up to create sophisticated robots. The structure is based on links and nodes. The node
modules serve as the interconnection points between multiple links. A node consist of
an unspeciVed number of the female counterpart of the connection interface. The num-
ber of connections and their arrangement deVnes the structure of the robot. Thereby,
the concept does not specify a speciVc structure for the Odin robot. Thus, the node
module is open heterogeneous, and the robot can exist in multiple structures based on
which type of node is developed and adopted by the conVguration.
A link consists of two modules, the connector and the body. The connector module
consists of the male counterpart of the connection mechanism and adds passive com-
pliancy to the point-based connection between a link and a node. The compliancy can
be adjusted by adopting springs with various spring constants, or it can be made com-
pletely rigid by Vxing the point based connection. Thus, the connector module is open
heterogenous in terms of compliancy of a conVguration. We can also imagine having a
conVguration with various compliant substructures.
A body module contains either an actuator, sensors, power, or it can be passive,
adding only structural features to a conVguration. Actuator bodies enable the robot to
create motion for locomotion and manipulation. Sensor bodies can provide knowledge
of the environment. Power bodies provides the energy to the robot. Typically, a body
holds two connectors at each end to create a link between two nodes. However, a
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body can also hold only one connector and connect to only one node. This might
be suXcient when adding just a simple sensor, which does not need to provide any
structural features. A body can also hold more than two connectors, which might be
useful for structural purposes, or if the functionality provided by the body takes up
more space.
The Odin robot consist of very simple and functionally diUerent modules, which
makes it easy create a large variety of conVgurations. It also makes it easy to add
new features to the robot. For example, a new actuator or a speciVc sensor, or even
a diUerent node for a diUerent topology. The concept allows the user to create very
speciVc robots, by adding new modules speciVc to the application. However, the exist-
ing modules can be reused to rapidly develop the robot without having to develop all
the components for a completely new system. As the robot is being used for diUerent
applications, the variety of modules expand for future robots.
4.1.2 Deformable
The Odin modular robot is the Vrst deformable modular robot in 3D. The deformability
is realized by passive compliant connector modules. The connector module sits be-
tween a node and a body and adds passive point-based 3D degrees of freedom between
the two. The connector can be equipped with diUerent springs with various spring
constants, or it can be Vxed to create a rigid connection, to change the compliancy. We
can also imagine having substructures with various compliancy. Rigid substructures
may add structural stability, while compliant substructures can create motion, similar
to bone and muscle tissue of humans and animals.
By adding deformability to the Odin concept, a conVguration of modules may poten-
tially be able to adapt to an unknown environment without additional control. It may
be able to squeeze through narrow cracks and passages while maintaining its conVgu-
ration.
4.1.3 Assisted ReconVguration
Most modular robots focus on self-reconVgurability for changing the morphology. Re-
conVguring the modules, and changing the morphology the Odin modular robot, re-
quire assistance. Instead the Odin concept introduces deformability for autonomously
adapting to an environment without external intervention.
In self-reconVguration the connection interface requires an active connection and
disconnection mechanism. The attachment method often becomes very complex, and
is dominant in comparison the actual functionality of the robot once conVgured. By
assuming that a human is present for changing the morphology the attachment method
can be simpliVed. Instead, we can focus on the versatility gained from being able to
create a wide range of robot using the same set of modules.
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(a) Ball-and-socket joint (b) Concentric Multilink Spherical (CMS)
Joint [24]
Figure 4.3: Joint types with 3 degrees of freedom.
4.1.4 Hybrid Topology
A hybrid topology enables us to create both chain and lattice conVgurations. By being
able to create both, the topology is more versatile. In [68] Stoy et al. conclude that there
is little reason not to design hybrid topology modular robots since it does not introduce
extra complexity compared to the more specialized chain- and lattice-type systems. It
is rather a question of picking an appropriate module geometry and lattice structure.
The structure of the Odin modular robot is not deVned, but is chosen by the design
of the node module. However, in contrast to most existing modular robots it is able to
change shape when conVgured in a space-Vlled lattice.
4.2 implementation
This section describes the current implementation of the Odin modular robot. Five
modules have been implemented. Based on the experiments in the previous chapter we
have chosen to implement a passive compliant connector, a cubic closed packed node,
and telescoping body. To enable the robot to run autonomously we have in addition
implemented a battery body and a wireless body. Early prototypes of the Odin modular
robot are described in [39].
4.2.1 Passive Compliant Connector
The passive compliant connector creates a point connection with three degrees of free-
dom between a link and a node. Optimally the links would share the same centre of
rotation through the node, however, mechanically it is very diXcult. In [24] a solu-
tion called the Concentric Multilink Spherical (CMS) joint is presented allowing two or
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Figure 4.4: Passive Compliant Connector Module. Section view. The centre of rotation
of the ball-and-socket joint is coincident with the surface of the node mod-
ule. (5) Body mount. (6) Body control PCB. (7) Spring. (8) Locks the ball in
the socket. (9) Ball-and-socket joint. (10) Key for locking connector in node
module. (11) Spring contacts in PCB with a six-redundant connection layout
for four electrical connections.
more links to be connected and share a common centre of rotation. The CMS joint is
illustrated on Fig. 4.3 next to a regular ball-and-socket joint. The CMS joint is based on
hinges mounted between the neighboring links. The links can rotate inside the hinges
creating two degrees of freedom. A scissor mechanism creates the third degree of free-
dom by allowing the angle between the links to change. The CMS joint is used for the
Tetrobot [25]. Even though the CMS joint is easy to assemble it is not very easy to
reconVgure. Adding and removing links requires disassembling the entire structure. In
addition it is not possible to connect links in series and create linear chain structures.
Instead we connect the links with each their own centre of rotation on the surface
of the node. This does create a more complex kinematic structure, but simpliVes the
physical implementation signiVcantly. The point connection is implemented by a ball-
and-socket joint. Around the ball-and-socket joint we have placed a spring which sets
the compliancy of the connection. According to the concept, by replacing this spring
with various springs with diUerent spring constants, the compliancy can be modiVed.
Fig. 4.4 shows a CAD model of the passive compliant connector module cut in half.
At the bottom is the socket, the male counterpart of the connection interface. The socket
is hexagonal which allows a link to be connected to a node in six diUerent angles. Thus,
the connection interface is six-redundant allowing the bodies with a perpendicular de-
gree of freedom, or a directional sensor to be placed in the most appropriate angle. The
socket holds a small PCB with four spring contacts creating four electrical connections
between the link and the node. The socket also holds a ball-stud with centre of rotation
on the surface of the node. The ball-stud is locked in place by the compliant spring,
using a specialized ball-lock.
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Figure 4.5: Node module with 12 connections in a CCP lattice arrangement. Exploded
view. (1) North half. (2) Female connector PCB with a six-redundant con-
nection layout. (3) PCB support base. (4) South half.
The attachment method is based on a key, which Vts the keyhole in the node. Ro-
tating the key clockwise locks the link to the node mechanically, and counterclockwise
releases the link from the node.
The ball-stud is Vxed to the mount. The mount allows the connector to be fastened
to a body. The mount can also hold electronics controlling the body. Four wires runs
through the ball-stud (not illustrated) from the spring contacts to a plug in the bottom
of the mount.
The socket is machined in POM (Polyacetal). The key and ball-lock are machined in
aluminum. The spring and the ball-stud are modiVed of-the-shelf products. Finally the
mount is produced in ABS on a 3D printer based on fuse deposit modeling (FDM).
4.2.2 Cubic Closed Packed Node
The node deVnes the structure of the robot, and is the most important structural mod-
ule. For this thesis we have implemented a node module allowing the robot to be
conVgured in a cubic closed packed (CCP) lattice structure. The CCP structure adds
several important features. A closely packed conVguration is primarily based on trian-
gular substructures, but also square substructures. Despite using compliant connectors
the triangular structures are stable and thereby almost rigid. Due to the centre of rota-
tion of multiple links connected to a node not being shared, a triangle is only slightly
compliant. However, the square substructures are unstable and compliant. The CCP
lattice also allows links to be connected in hexagonal substructures, similar to the ex-
periments on deformability in the previous chapter. Additionally, the CCP structure
allows links to be connected in series for chain-based conVgurations.
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Table 4.1: Lattice structures. The coloring of the spheres in the lattices illustrate the lay-
ers of 2-dimensional lattices. DiUerent colors illustrate layers with an oUset
in relation to each other. Identical colors illustrate layers with no oUset.
Simple
Cubic
Body Centered
Cubic
Hexagonal
Closed Packed
Cubic
Closed Packed
Unit cell
Sphere lattice
Lattice structure
Packing
EXciency
52.35% 69.02% 74.05% 74.05%
Neighbours 6 8 12 12
The CCP lattice is the most dense packing of spheres. Fig. 4.5 shows four of the
widely used 3D lattice structures, the simple cubic (SC), the body centered cubic (BCC),
the Hexagonal Closed Packed (HCP), and Vnally the CCP lattice. The lattices are illus-
trated using spheres. The center of the spheres are the nodes of the lattices and the
nodes of the spheres touching each other are connected. The packing eXciency (PE) or
density of a 3D lattice is deVned as follows:
P.E. =
<volume of spheres within the unit cell>
<volume of the unit cell>
(4.1)
The simplest 3D lattice is the SC. A node on a SC lattice has six neighbors, but the
packing eXciency is low. The M-TRAN [46] and the Telecubes [71] are among others
based on the SC lattice. The ATRON [52] is based on the BCC lattice, also called the
octahedral lattice. The HCP and CCP lattice both have the highest possible packing
eXciency. They are very similar, but in the CCP lattice there is always an opposite
neighbor. The links can therefore be connected in series. Both the HCP and the CCP
lattices consist of tetrahedral substructures. The tetrahedral structure is known to have
high strength and structural stability, essential to real world challenges.
Based on the CCP lattice a node must connect up to 12 modules. Fig. 4.5 shows a
CAD model of the CCP node. It consist of 12 female connection slots. Each connection
slot is six redundant, matching the male counterpart on the connector module. The ar-
rangement of pads of the PCBmatches the spring contacts on the male counterpart, and
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Figure 4.6: Telescoping body. Section view. A brushless DC-motor drives the middle
shell through the gears. The outer and the inner shells are aligned with
respect to each other, and due to the opposite threads, the body is able to
contract and expand. The aligning shell has a gradient strip inside detectable
by the reWective sensor, and since the aligning shell moves linearly with the
middle shell, it is possible to read the absolute extension of the body. (12)
Gear 27T. (13) Motor housing. (14) Gear 8T. (15) Outer shell. (16) ReWective
sensor. (17) Gear 43T. (18) Middle shell. (19) Aligning shell. (20) Inner shell.
provides the same four electrical connections in any angle. The electrical connections
provides power sharing and a communication bus between all connected links.
The joint consist of two identical hemispheres and 12 PCB’s. The diameter is 50mm,
thus the distance from the center of the node to the connection points is 25mm. The
hemispheres are made in ABS on a FDM machine.
4.2.3 Telescoping Body
To create motion for locomotion and manipulation the Odin robot needs actuation. The
telescoping body provides linear actuation to change the distance between two nodes.
The body is cylindrical and holds a connector at each end.
Fig. 4.6 shows a CAD model of the telescoping body cut in half. The telescoping
body is inspired by the zoom lens of a compact camera. It has four main cylindrical
shells, the outer, middle, inner, and align shell. The inside of the outer shell has a
counter-clockwise thread. The outside of the left-most end of the middle shell has one
revolution of thread that Vts the inside of the outer shell. Likewise, the middle shell has
an inside thread, however, clockwise, and the inner shell has one revolution of thread
matching the middle shell. When the middle shell is rotated, it creates linear extension
and contraction, though only if the outer and inner shells are not able to rotate with
respect to each other. To make this happen an align shell is moving linearly with the
middle shell aligning the outer and inner shell. To be able to read the absolute extension
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of the linear actuator, we have placed an optical sensor, which detects the reWection of
a grayscale gradient strip inside the align shell.
Since the middle shell moves linearly as it rotates, its internal gear is driven by a long
gear. The long gear is driven by a brushless DC-motor (not illustrated) mounted in the
motor housing in the centre of the body with a gear attached to its shaft. The gearing
ratio is a reduction of 27/43. The long gear is machined in brass and the two others in
POM. The rest of the parts are produced on a PolyJet prototyping machine.
The body is 35mm in diameter, 60mm long when contracted, and extends to 132mm,
a ratio of 2.20. The distance from the body to the centre of the node adds up to 50mm.
This means that we are able to change the distance between the centre of the nodes
from 160 to 232mm, a ratio of 1.45.
4.2.4 Battery Body
To run autonomously the Odin modular robot needs a power source. The battery body
encapsulates a 3 cell, 600mAh, 11.1V lithium-polymer battery, and the electronics for
charging. The body is a cylinder, 35mm in diameter, and 60mm long. It holds a con-
nector module at each end, thus it can be connected between two nodes. A battery link
can provide structural features where actuation is not needed. The body is produced
on an FDM machine.
4.2.5 Zigbee Body
The Zigbee body provides a wireless interface to the robot, for debugging and remote
control. The body is 40mm long, but it can only hold one connector module. Thus, it
adds no structural features, since it can not be attached between two or more nodes.
The wireless body is produced on an FDM machine.
4.2.6 Electronics
Since the Odin robot is an open heterogeneous modular robot, the electronics for the
diUerent modules also varies. The node provides power sharing and a terminated RS-
485 communication bus between all links connected to the joint. Each link has two
PCBs with electronics, a general and a speciVc board. The general board is placed in
one of the connectors of the link, and a speciVc board can be placed in the other. The
general board is designed with a microcontroller and an interface to connect speciVc
electronics. The interface includes power, communication and 8 digital input/output
lines which can be multiplexed with up to 4 PWM signals, an SPI bus or 4 analog
input lines. The speciVc board is designed to hold the speciVc electronics needed to
make a speciVc link functional and controllable by the microcontroller on the general
board. In the case of the telescoping link module, we have placed a controller for a
brushless-DC-motor and power electronics to provide the current needed to drive the
motor.
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CCP Node
- Diameter 50mm
- Max. # connected links 12
- Weight 36g
Passive Compliant Connector
- Max. angle of rotation from ball-joint centre 23◦
- Diameter 35mm
- Distance from centre of rotation to body 25mm
- Weight (without PCB) 20g
Telescoping Body
- Diameter 35mm
- Min. length 60mm
- Max. length 132mm
- Max. speed 50mm/s
- Strength 17.2N
- Weight 84g
Battery Body
- Diameter 35mm
- Length 60mm
Zigbee Body
- Diameter 35mm
- Length 40mm
Table 4.2: SpeciVcations of the currently implemented modules for Odin.
We have developed a hybrid communication system thoroughly described in [22]
by Garcia et al., which provides both local and global communication between the
modules in a conVguration. By means of software the links can choose to communicate
locally through each joint independently, or to connect the communication busses of
both joints, and create a global bus. This means that we can control the organization of
the communication network. We can have a pure locally connected system or a pure
globally connected system, or we can set up a hybrid system with both local and global
communication.
4.3 specifications
Table 4.2 summarizes the speciVcations of the currently implemented modules of the
Odin robot. Some of the speciVcations are presented in the previous section dealing
with the design of the modular robot. In this section, we present some additional
speciVcations based on the following measurements.
The maximum speed of the telescoping body is measured to approximately 50mm/s.
The strength was measured by continuously lifting and lowering a bucket of water by
contraction and expansion. Water was continuously added to the bucket, and when
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(a) Constrained angle of rotation of the
passive compliant connector.
(b) Deformation of hexagon
shape.
Figure 4.7: Deformability - The passive compliant connectors allow the joints to rotate
23 degrees around oU centre. This enables a hexagon shape to deform. The
hexagon is a small example of a conVguration where the lattice is not closely
packed and therefore not rigid.
the module was not able to contract and expand continuously the experiment was
stopped. The maximum linear strength of a telescoping body has been measured to
approximately 17.2N at a speed of 10mm/s.
A connector weighs 20g, and a telescoping body weighs 84g. The total weight of a
telescoping link module adds up to 104g. As a node weighs 36g, a telescoping body can
lift a linear conVguration of up to 13 telescoping links with nodes in between.
The spring in the passive compliant connecter creates a torque when the link is
forced oU centre. By measuring the torque τ at several angles a we get the following
polynomial relation:
τ = 0.15a + 2.1a2N ·m (4.2)
Fig. 4.7a shows the maximum rotation of the links, measured to 23 degrees, around
the centre of the ball joint. If we consider three links with telescoping bodies conVgured
in a equilateral triangle, the links are rotated exactly 0 degrees due to the arrangement
of connections on the CCP node. Now, we allow the telescoping links to expand inde-
pendently of each other. Since the maximum angle, which the the links can rotate, was
measured to 23 degrees the maximum ratio of extension of the telescoping links can be
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calculated to 1.57. The current implementation of a telescoping link is able to extend a
ratio of 1.45 between the centre of two nodes, which means that all three telescoping
links in the triangle conVguration can actuate freely. This is of course not the case for
any conVguration, but the compliancy will still allow the modules to create consider-
able changes of shape if coordinated correctly. Ideally, the telescoping links would be
able to actuate freely in any conVguration, however, due to the mechanical constraints
of the Wexible connector this is not possible.
The triangle is a stable substructure of a closely packed CCP lattice, and therefore the
shape of the robot in this conVguration can only be changed by internal actuation. The
hexagon is a substructure of the CCP lattice that is not closely packed, and therefore
the shape of the robot can be changed by outside forces. Fig. 4.7b shows a deformable
hexagon conVguration of the robot with 6 telescoping links connected through 6 nodes.
If the telescoping links are all contracted, the distances between the nodes are 160mm,
and the height of the hexagon is 277mm when all angles are retained. Due to the
compliancy of the connectors the minimum height of the hexagon conVguration is
192mm and the maximum height is 318mm. By measuring the actual conVguration we
see that this is true. The linear strain of the hexagon conVguration can therefore be
calculated to 0.65.
4.4 discussion
The Odin concept is open, and a lot of parameters can be optimized for diUerent situa-
tions. The deformability can be modiVed by changing the compliancy of the connector
modules. The topology structure can be modiVed by changing the arrangement of con-
nection interfaces on the node module. Finally, the robot can be extended with various
actuators, sensors, power sources etc. In conclusion we have realized a deformable
open heterogeneous concept for modular robots.
This chapter presented the modules implemented for this thesis. We chose to im-
plement a passive compliant connecter with a spring. The compliancy is physically
constrained to an oU-centre angle of 23 degrees. Due to these constraints the deforma-
tion is limited, but it meets the requirements of the maximum deformation of a triangle
using the implemented telescoping body.
We chose to implement a node based on the CCP lattice. The CCP lattice not only
allows the modules to be conVgured as dense as possible, but it also allows to create
both stable and rigid triangular substructures and compliant square and hexagonal sub-
structures.
Based on the preliminary experiments on deformability in the previous chapter, we
have chosen to implement a linear actuated telescoping body. In a lattice the linear
actuators can be placed both in parallel and in series. Parallel actuation can increase
the exerted force, and serial actuation can increase the speed. The strength of the robot
can thereby be increased with the number of modules, and thus the strength scales with
the size of the robot. A single telescoping body by itself has an extension ration of 2.20,
but it is only able to change the distance between the centre of two nodes a ratio of 1.45.
A higher ratio is desirable but very diXcult to implement.
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In addition we have implemented a battery module and a wireless module. The
battery modules allow the robot to run untethered. The wireless module allows the
robot to be remote controlled and debug information to be sent to a remote computer.
The wireless module may also enable multiple robots to communicate and interact.
The modules we have chosen to implement are not optimal for all applications. Other
modules can extend the functionality of the robot. For example, a bending or rotational
actuator, or a GPS sensor to localize the robot, or maybe a camera adding vision to the
robot. We can also think of other types of power sources, such as solar or fuel cells, and
embed those into new modules.
The presented concept is highly versatile and opens up for a wide range of new re-
search in modular robotics, such as parallel and collective actuation, passive adaptation
to changing environments, passive dynamics, and versatile robots.
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5
OD I N AP P L ICAT IONS
Modular Robots can potentially be adapted for many diUerent purposes and application
domains. In contrast to conventional robots with a Vxed morphology, modular robots
can be dynamically reconVgured and assume multiple morphologies. Thus, it can not
only be modiVed in terms of software and control, but the physical appearance can
also be modiVed for speciVc needs. In 2008 an event set out to question exactly this
potential.
The Planetary Robotic Contingency Challenge simulates situations which may very
likely occur in the real world. Situations which are unexpected and impossible to pre-
pare for in advance. Situations happening in environments not accessible by humans,
and, thus requires a robotic solution. Robots are usually tested within the laboratory,
but here the conditions are well known and often ideal. The challenge allowed us to
bring the Odin modular robot outside the lab and gain valuable experience in real world
scenarios.
The theatre play "The Anatomy of the Robot" was another opportunity to take the
robot out of the lab. In the play the ideas behind modular robots was presented, and the
Odin robot was demonstrated to an audience. In contrast to the contingency challenge,
this audience was the wider public, including people who’s interests is far from robotics.
In the previous chapter we described the implementation of the Odin modular robot
– a Deformable Open Heterogeneous Modular Robot. In this chapter we describe the
applications, in which we have been able to test Odin to gain experience from real
world scenarios. First we verify that the robot is actually functional.
5.1 locomoting structures
The Vrst experiments using the Odin modular robot was carried out to verify that the
robot is able to perform simple locomotion. These experiments were performed with
an early prototype described in [39]. The concept is the same, but the implementation
of the early prototype is slightly diUerent than the current prototype presented in the
previous chapter.
The diUerence is mainly in the linear actuator, and the materials. The linear actuator
of the early prototype was based on a lead screw driven by a stepper motor. The body
extends from 60mm to 100mm, which is only a ratio of 1.25 between the center of the
nodes. The maximum exerted force is approximately 9N at a speed of 15.24mm/sec. The
telescoping body in the current prototype was developed to increase the extension, the
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Figure 5.1: A caterpillar conVguration. Module 2 and 3 are linear actuated modules,
and module 1 and 4 are passive modules. The caterpillar is completed using
passive compliant connectors and three CCP nodes.
(a) 0s (b) 20s (c) 40s
(d) 60s (e) 80s (f) 100s
Figure 5.2: Odin modules locomoting in a caterpillar conVguration. The caterpillar con-
sist of two linear actuated modules in the middle, and a passive module at
each end. The caterpillar is completed using passive compliant connectors
and three CCP nodes. The distance between the red lines is 1 meter.
exerted force, and speed. In terms of materials, the early prototype revealed some weak
spots which has been reenforced in the current prototype by using stronger materials.
This section presents three locomoting structures, a caterpillar and two slightly dif-
ferent tetrahedron conVgurations performing various locomotion patterns.
5.1.1 Caterpillar
The locomoting caterpillar consists of four bodies connected in a chain using passive
compliant connectors and CCP nodes. The conVguration is shown in Fig. 5.1. The
two middle bodies, 2 and 3, are linear actuated. The bodies at the ends, 1 and 4, are
empty and without function. The empty modules are placed to even the weight on all
three nodes, and create approximately equal friction on the surface. Power is supplied
externally.
The locomotion is based on the same algorithm described in the experiments on
deformability in section 3.2.2. The algorithm creates three cycles for one step. First,
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(a) (b) (c)
Figure 5.3: One cycle for a turning tetrahedron conVguration. The numbered modules
are linear actuated, and the unnumbered are empty. The tetrahedron is
completed using passive compliant connectors and four CCP nodes. The
letters denote friction points
.
node A is pushed forward by extending body 2. Then, node B is pulled forward by
contracting body 2, while being pushed by extending body 3 simultaneously. Last, node
C is pulled forward by contracting body 3. Only one node or friction point is moving at
each step, while two friction points stand still. Fig. 5.2 shows a caterpillar conVguration
moving between two lines with 1meter in between. The caterpillar moved with a speed
of 7.2mm/sec.
5.1.2 Turning Tetrahedron
The algorithm adopted for the caterpillar, and the experiments on deformability in sec-
tion 3.2.2, can also be used to make a tetrahedron conVguration turn. The tetrahedron
is a substructure of the CCP lattice. The turning tetrahedron consists of three linear
actuated bodies connected in a triangle at the bottom using passive compliant connec-
tors and CCP nodes. At the top, three empty bodies completes the tetrahedron. Fig. 5.3
shows the turning tetrahedron conVguration. Body 1, 2, and 3 are linear actuated. The
empty bodies are unnumbered. Node A, B, and C each creates a friction point on the
surface.
After synchronizing, the algorithm creates a continues cycle. While body 1 expands,
body 3 contracts. When, body 2 expands, body 1 contracts. Finally, when body 3
expands, body 2 contracts. The cycle is illustrated on Fig. 5.3. Again, the motion
is accomplished by moving one friction point, while the two others stand still. The
tetrahedron is turning around its own centre of mass. Fig. 5.4 shows a complete 360
degree turn. Rotating 360 degrees takes approximately 270 seconds and 54 cycles. The
turning speed is 1.3degrees/sec.
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(a) 0s (b) 30s (c) 60s (d) 90s (e) 120s
(f) 150s (g) 180s (h) 210s (i) 240s (j) 270s
Figure 5.4: Odin modules turning in a tetrahedron conVguration. The tetrahedron con-
sist of three linear actuated modules at the bottom, and three empty modules
at the top. The tetrahedron is completed using passive compliant connectors
and four CCP nodes. One of the nodes is marked with a red dot to visualize
the turn.
5.1.3 Forward Moving Tetrahedron
Using the same set of modules in a slightly diUerent tetrahedron conVguration we can
create forward locomotion. At the time of these experiments only three linear actuated
modules were available. Otherwise, the locomotion cycle described in this experiment
can be accomplished by adding an additional linear actuator to the conVguration de-
scribed above.
The conVguration consists of three linear actuated bodies, and three empty bodies
connected in a tetrahedron using passive compliant connectors and four CCP nodes.
Two linear actuated bodies are placed in the bottom triangle, and one is placed at the
top. On Fig. 5.5 the conVguration is shown performing a single locomotion cycle. Body
1, 2, and 3 are linear actuated, and the unnumbered are passive. The nodes and friction
points are marked A, B, and C.
The control cycle consists of 5 steps:
1. Body 1 expands to move the centre of mass, and put more weight on friction
point B and C.
2. Body 2 and 3 expands moving friction point A forwards.
3. Body 1 contracts to even the weights on all friction points.
4. Body 3 contracts pulling friction point C forward.
5. Body 2 contracts pulling friction point B forward.
Locomotion is carried out by moving the centre of mass and changing the weights on
the friction points. When point B and C are pulled forward the weights are almost even
on all friction points, and point A is pulled approximately halfway back.
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(a) (b) (c)
(d) (e)
Figure 5.5: A single cycle of a tetrahedron conVguration performing forward locomo-
tion. The numbered modules are linear actuated, and the unnumbered are
empty. The tetrahedron is completed using passive compliant connectors
and four CCP nodes. The letters denote friction points.
(a) 0s (b) 30s (c) 60s (d) 90s
(e) 120s (f) 150s (g) 180s (h) 210s
Figure 5.6: Odin conVguration moving forward in a tetrahedron structure. The tetrahe-
dron consist of three linear modules and three body modules. The tetrahe-
dron is completed using passive compliant connectors and four CCP nodes.
The distance between the red lines is 1 meter.
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Figure 5.7: ICRA 2008 Planetary Robotic Contingency Challenge – Planetary environ-
ment. The human habitat is behind the blue screen. Robots access through
the gray airlock.
Fig. 5.6 shows the tetrahedron conVguration moving between two red lines with 1
meter in between. A single cycle takes approximately 8 seconds. Moving between the
two lines takes approximately 27 cycles and 216 seconds.
5.2 the icra 2008 planetary robotic contingency challenge
The ICRA Planetary Robotic Contingency Challenge was held for the Vrst time in May
2008.
“This event simulates an unexpected problem occurring at a planetary
habitat, where a robotic solution must be quickly developed and deployed,
using only existing resources. ... The competition drives not only the de-
velopment of versatile robotic hardware and on-board software, but also
the design and development of programming and assembly tools capable of
rapidly implementing a wide variety of capabilities.”1
We participated in this challenge using a combination of the ATRON modular robot
[52], and the Odin modular robot presented in this thesis.
The reason for bringing both ATRON and Odin was to have the advantages of both
systems. Though the Odin modular robot is versatile, the current implementation has
only linear actuation, whereas the ATRON has rotational. Furthermore, the current
implementation of Odin has a deformable structure, whereas the ATRON has a very
strong rigid structure. Since the event simulates an unexpected problem, the equipment
brought to the challenge must be as versatile as possible. By bringing both robots, our
equipment becomes highly heterogeneous and versatile.
The challenge takes place in a simulated planetary environment. The environment
consists of a planetary surface and a human habitat. The planetary surface is a 6m
by 6m sandbox with 10cm deep gravel. The gravel is between pea gravel and 1/4 inch
size pieces. Various sized rocks are placed on the surface. The habitat is occupied by
1 18/09/2010 – http://modlabupenn.org/icra/
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humans, and in this case the teams participating in the challenge. It is not possible
for the participants to see the planetary surface from the habitat, and the participants
are not able to leave the habitat. The only access to the planetary surface is through
an airlock from the habitat. The robots must be placed in the airlock and move out to
the planetary surface by itself. For a robot to return to the habitat, it must also do so
through the airlock. The airlock is 1.5m long, 1m wide, and 1m tall. Its doors are 1m by
1m and placed at each end of the long dimension. Fig. 5.7 shows the environment.
The teams are only allowed to bring limited equipment to simulate the size and
weight restrictions of a space mission. Each team is allowed to bring a container with
outside dimensions summing to 150cm or less, and weighing a maximum of 25kg. Six
standard 110V AC outlets will be provided.
The challenge goes on for two days. On each day of the competition an unexpected
problem will be announced. The problem may include anything one can imagine hap-
pening on an extra-terrestrial habitation. The problems are only constrained to having
a robotic solution. The problem is announced to all teams simultaneously, and must be
solved within 4-6 hours.
The 2008 Planetary Robotic Contingency Challenge was organized by the Modular
Robotics Laboratory at the University of Pennsylvania led by professor Mark Yim. The
participating teams were:
• University of Southern California (USC) - Using CKBot
• Massachusetts Institute of Technology (MIT) - using CKBot
• University of Washington (UW) - using CKBot
• Cornell University - using CKBot
• University of Southern Denmark (USD) - using ATRON and Odin
USC, MIT, UW, and Cornell used the CKBot modular robot, which was brought by the
organizers. We (USD) were the only team to bring our own modular robots, bringing
both ATRON and Odin.
5.2.1 Day 1, 10.00AM – Solar Panel Failure
On the Vrst day of the competition, after measuring and weighing our equipment, the
unexpected problem was announced at 10.00AM:
“Scenario: You are on Mars. A martian storm has damaged your base’s
solar generators. Luckily your battery power will last for Vve hours before
the Martian cold and darkness kills everyone. You must retrieve the dam-
aged solar panel, bring it back to base, Vx it (just touch it), and redeploy.
There is a space station camera that gives you a view of the outside of the
space station. However it is broken. There is another team working on
Vxing it, but it won’t be ready until 12:00 noon.”
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(a) The rapidly developed robot – about as far from the airlock as it got.
(b) Ricardo Franco Mendoza Garcia testing the Odin and Lego based gripper for the solar panel.
Figure 5.8: Day 1 at the ICRA 2008 Planeteray Robotic Contingency Challenge.
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“Rules: You may use a tether, but you may not touch it while the robot is
deployed. When you are ready to attempt a run, you must bring your robot
to one of the tables in front of the screen. Your robot must go through the
airlock. Place your robot in the airlock. A referee will open the doors, you
may then drive out. You are limited to 10minutes per run. You may remain
on the Veld past 10 minutes if no one is waiting. Two robots can be on the
Veld at the same time, but must not interfere with each other. If a third
team arrives, and both teams have been on the Veld past 10 minutes, the
Vrst team on the Veld must leave. If your robot gets stuck, you may request
a referee to get the robot for you and bring it back. You may not go past
the screen.”
“Scoring: 10 points for bringing the damaged solar panel back to base; 10
points for placing a new panel; 10 points for attaching one wire; 10 points
for attaching second wire; 10 points for adding second panel (extra credit).”
The plan was to use the ATRON modular robot as a wheeled base, and the Odin
modular robot for grabbing the solar panel. The ATRONmodular robot works excellent
as a wheeled base, however, only on a hard surface. For that reason we brought wide
blue tubing in our equipment. The blue tubing can be wrapped around one of the
hemispheres of the ATRON robot to improve the traction in the gravel. Due to the
heavy weight of the ATRON modules, the traction was not great, but with enough
patience the wheeled base was able to move slowly in the gravel.
On top of the ATRON wheeled base we mounted a gripper made from Odin modules
and a bit of Lego components. Using the linear actuated telescoping body, we could
open and close a gripper based on a scissor mechanism. The gripper was customized to
grab the thin solar panel. Fig. 5.8 shows the rapidly developed robot for recovering the
solar panel.
However, the Vrst day revealed some serious problems. Our wireless communica-
tion was very unstable! Not bringing a tether, made it practically impossible to remote
control our robot. After several tries we realized that our wireless cameras interfered
with the Zigbee wireless communication utilized in both the ATRON and Odin mod-
ular robot. After 12.00 noon the space station camera was Vxed, which we utilized.
Dismounting our own cameras, improved the communication slightly, but the other
teams were equipped with the same type of cameras.
At 01.00AM, after 5 hours, we had not yet succeeded in any of the tasks and received
any points. If we isolated the robot, it worked as expected. But on the planetary surface,
the other teams’ cameras were to close. Luckily, some of the other teams succeeded in
restoring energy and everyone in the habitat survived.
5.2.2 Day 2, 10.00AM – Carbon Dioxide Scrubber Filter Damage
After the unsuccessful attempt on retrieving and repairing the solar panel on Mars,
another unexpected problem happens somewhere else in space. Meanwhile several
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attempts on restoring communication has failed, and our team must use alternative
methods.
“Scenario: Your lunar space station has passed through a micro-meteor
storm that has damaged your external CO2 scrubber system. The endcap
on the CO2 venting tube running between the station and the scrubber
Vlter has failed and has fallen oU. In addition the CO2 Vlter has suUered
several cracks. You must Vnd a way to seal the end of the CO2 venting tube
and seal the cracks in the scrubber Vlter. You must use a special glue to
seal the CO2 vent. You have Vve hours of oxygen left.”
“Details: The scrubber has a pressure activated door for emergencies to
keep valuable air from venting into space. This door may be used to access
the inside of the tube, though, air escapes while it is open. The venting tube
has a 90 degree bend in it. There is a pressure sensor that emits a green
light and protrudes 1.5 inches from the ceiling inside the tube. The space
stations external camera is working. The scrubber Vlter gets very hot and
requires a special adhesive to patch cracks.”
“Rules: Scrubber airlock can only be open for 5 seconds, then it should be
closed for at least 5minutes. Scrubber endcap is sealed when no green light
can be seen from the outside. You are limited to 10 minutes per run. You
may remain on the Veld past 10 minutes if no one is waiting. Only one
robot is allowed in the vent and one outside at the same time. If your robot
gets stuck, you may request a referee to get the robot for you and bring it
back. You may not go past the screen.”
“Scoring: Sealing scrubber exhaust: 3 pts for 50%, 5 pts for 75%, 10 pts
for 95%, 15 pts for 100%. 10 points for each scrubber Vlter crack sealed. 10
points for retrieving failed cap.
This day we had an external camera available for the entire period, and we borrowed
a tethered camera from the organizers to leave out our own cameras. The strategy was
to create robots that relied less on our unstable communication, and to show oU by
using alternative locomotion methods other than wheeled.
Using an ATRON conVguration for locomotion, again with an odin manipulator on
top, we started by retrieving the ventilation cap. The locomotion base consisted of an
ATRON conVguration of 5 modules. The conVguration was placed on a custom surf
board, and by rotating the left- and rightmost modules, the robot was able to paddle
forwards and turn. Paddling also enabled the robot to overcome obstacles, as shown
on Fig. 5.9. On top of the paddling base, we placed an Odin manipulator with a sticky
end-eUector. We successfully picked up the endcap for the scrubber exhaust.
We had access to the scrubber system through a venting tube from the space sta-
tion. For sealing the scrubber exhaust we saw an opportunity in accessing the venting
tube from the inside. Using Odin we created a Wexible caterpillar by connecting 4
telescoping bodies, and a single battery body in series, using the passive compliant con-
nectors and the CCP nodes. The caterpillar was programmed for forward locomotion
76
(a) ATRON and Odin conVguration for retrieving
the scrubber exhaust endcap. In the background
we can see scrubber and the scrubber exhaust.
(b) The Odin caterpillar conVguration inside the
venting tube.
Figure 5.9: Day 2 at the ICRA 2008 Planeteray Robotic Contingency Challenge.
by inch-worming, as described earlier in this chapter. The locomotion was completely
autonomous, but limited to only moving forward. To seal the scrubber exhaust we cre-
ated a ball, which the snake could push through the venting tube. As the exhaust was
narrowed in the end, the ball would seal it. We placed the caterpillar inside the venting
tube, closed the airlock, and the robot started moving forward inch by inch and pushed
the ball forwards. The robot bended through the 90 degree turn of the venting tube
due the the passive compliant connectors. This happened without additional control.
In the Vrst attempt, the ball was unluckily to small and was pushed through the exhaust.
Though, in the second attempt the caterpillar succeeded in sealing the exhaust by 75%.
The cracks were sealed by other teams, and the CO2 level was restored in the space
station. Everyone, but a few robots, survived.
5.2.3 Results – Coolest Robot: Odin
The result were revealed at the conference banquet. Results by points:
1. place: University of Southern California
2. place: Massachusetts Institute of Technology
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3. place: University of Washington
Style results:
• Fastest Prototyping Team: Cornell University
• Most Persistent: Massachusetts Institute of Technology
• Coolest Robot: Odin from the University of Southern Denmark
• Most Innovative: University of Washington
The Odin robot won the “Coolest Robot” price for our passive compliant caterpillar
solution sealing the scrubber exhaust.
5.2.4 Discussion
Interestingly, the teams did not only bring their versatile modular robots in their lim-
ited equipment, they also brought a wide range of accessories. Everyone went to a
hardware store to get duct tape, strips, easy modiVable raw materials, such as styro-
foam, Wexible tubing, metal wire, and a lot more. We also brought a small selection of
Lego components in our equipment. These accessories proved to be vital, and widely
used by all teams in solving the unexpected problems. We used Wexible tubing to enable
the ATRON wheeled base to drive in the gravel. We used styrofoam to create a surf
board for paddling though the gravel. We used styrofoam to shape a plug for sealing
the scrubber exhaust. We used Lego components to create a gripper for picking up the
solar panel.
This observation supports one the main claim of this thesis: To increase in the practi-
cal usability of a modular robot it must be extendable with new functionality. All teams
brought very heterogeneous and versatile equipment, which was utilized to solve the
problems. It is practically impossible to prepare a robot to solve any task which might
occur, thus adding functionality and accessories is a necessity. An open heterogeneous
system invites the user to extend the functionality as needed.
The challenge also showed the potential of deformability. The passive compliant
caterpillar conVguration enabled our team to reach the scrubber exhaust through a
narrow venting tube with a 90 degree angle.
5.3 theatrical play - the anatomy of the robot
In April and September 2009 the Odin modular robot starred in the Theatrical Play
called “The Anatomy of the Robot”. The play raises the questions: What does it mean
to be human? What is life? What is it that makes us human? Research and human
emotions are explored, and human existence is compared to the latest research on robot
technology and artiVcial life. The play was performed 15 times at “Teater Momentum”
in Odense, Denmark.
“The Anatomy of the Robot” communicates real research and the ethical questions
on robotics to the public in an artistic play. The Vrst part consists of three very short
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(a) Andreas Holmetoft Lyder with the Odin robot.
(b) The Odin dance conVguration from behind. A stable tetrahedron in the center, with four Wexible
tentacles. The two front tentacles holds eyes (cameras), and the two side tentacles have hands made
from Lego.
Figure 5.10: The Odin robot starred in the theatre play “The Anatomi of the Robot”
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lectures. The lectures are presented by the main actor in the spirit of the play, Thomas
Bartholin. The Vrst lecture is on Odin, and modular robots in general, and is presented
in turns by professor Kasper Støy, professor Ulrik Pagh Schultz, Ph.d. student Ricardo
Franco Mendoza Garcia, and Ph.d. student Andreas Holmetoft Lyder. The lecture is
Vnished with a dance by the Odin modular robot. The second lecture is from the FlinT
group at University of Southern Denmark talking about and demonstrating how to
create artiVcial life on cell level. The Vnal lecture in the Vrst part is from Maria Lentz,
a leading researcher in humanoid robots, and a former student of Thomas Bartholin.
Maria Lentz has created an android, a copy of her husband. The robot is called Echo.
Echo is presented to the audience.
In the second part Thomas Bartholin questions the relationship between Maria, her
husband, and Echo. It turns out that Maria’s husband has been very sick, and he
becomes obsessed with creating a perfect copy of himself, as his replacement to Maria
when he is dead. Bartholin and Maria discusses the emotions that Maria is showing
Echo, as a robot or human. The discussion is closed by a Vnal lecture by a philosopher,
talking about the emotional relationship between humans and artiVcial beings. It is
concluded that we can have emotions for something artiVcial, as we attribute emotions
to them.
As most people has guessed, there are only three real lectures in the play. The lecture
of Maria Lentz is fake, and played by an actor. The android Echo is also played by an
actor. Echo was played so well that people did not realize he was a real human actor,
until he showed up for Vnal bow. Thomas Bartholin is played by Baard Owe, Maria
Lentz by Jeanette Lindbæk Larsen, and Echo by Morten Stensgaard.
The creators of the play was inspired by a video of the Odin modular robot perform-
ing random motion. They found the robot to have very smooth and lifelike motion
capabilities and wanted to include that in the play with a dance. A piece of music was
composed for the dance, and we choreographed a motion pattern matching the music.
5.4 conclusion
This chapter presented the applications in which we have used the Odin modular robot.
After verifying that the Odin modular robot can perform simple locomotion in various
conVgurations within the lab, the real tests and experience is gained from outside the
lab. The conditions inside a laboratory is well known and often ideal. We had the
opportunity to bring the robot outside the lab, and gain experience from practically
using it in real world scenarios.
At the ICRA 2008 Planetary Robotic Contingency Challenge our team did not re-
ceive many points due to heavy instability of the wireless communication. Out of Vve
teams we Vnished last together with another team. Despite the lack of points the Odin
robot won the price of “Coolest Robot” for a caterpillar conVguration autonomously
moving through a venting tube with a 90 degree turn. A ball was pushed through the
tube to seal the scrubber exhaust at the end. This solution showed the potential of
deformability using passive compliant connectors. No additional control was acquired
for the robot to bend through the 90 degree turn.
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The contingency challenge showed that it is possible to create a robotic solution to
an unexpected problem within limited time using modular robots. Bringing an highly
heterogeneous set of equipment, constrained by weight and size, is essential. Most
importantly, “opening” the modular robot design to the heterogenous equipment was
required to achieve speciVc functionalities. The teams showed great creativity in what
to bring, and utilizing the various accessories in combination with their robot to solve
the unexpected problems.
The Odin modular robot also starred in the theatrical play “The Anatomy of the
Robot”. The organizers was seeking a robot with smooth and lifelike motion capabili-
ties, to perform a dance as part of the play. Based on the composed music, a robot was
conVgured by the implemented set of modules, and its motion pattern was programmed
to match the music. The play was only on for a limited time, thus utilizing a modular
robot is ideal. In this situation the robot was staring in the play, but in many situations
the scenography is also automated. A modular robot can be reconVgured and reused
for several diUerent plays and reduce the cost of the scenography.
The Odin concept is potentially very versatile. However, from the experience of the
challenge and the play we realize that it is diXcult to construct a useful robot from the
limited set of modules which has been implemented.
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6
CONF IGURAT ION REP RE SENTAT ION AND
SHAP E -E ST IMAT ION OF OD I N
Modular robots consist of a number of robotic modules, which can be connected in
various conVgurations. By reconVguring the modules, the robot can exist in a variety
of diUerent physical conVgurations. To understand the capabilities and behavior of a
robot it is important to have knowledge about its conVguration, and how its actuators
control its shape. In this chapter we develop a general representation method for the
conVguration of the deformable open heterogeneous modular robot Odin. As an exam-
ple, we use this representation to describe the physical structure of the Odin robot, and
to Vnd its shape based on the position of its actuators.
A robot arm is an example of a conventional robot, which is built to perform one task,
and perform that task really well. A robot arm is typically a serial chain of 1-degree of
freedom rotational joints, and the position and orientation of the tip of the arm depends
on the angle of each joint. Once this robot arm has been built, its physical structure
cannot be changed. Its behavior can only be changed by reprogramming the software
controlling the robot. A modular robot may not be able to perform that single task
just as well as the robot arm. On the other hand, it can be reconVgured into diUerent
physical shapes, and be Vtted to diUerent environments, where it can do a variety of
tasks. So, unlike a robot arm, the Odin robot may change its physical structure and
behavior each time it is reconVgured. In this chapter we present a set of representation
matrices for the Odin modular robot which describes the conVguration of its diUerent
types of modules.
A conVguration of Odin modules becomes an under-actuated parallel robot. Control-
ling the shape of such a system is diXcult, since general direct and reverse kinematics
can not be solved. In this chapter we take the Vrst steps to reduce this problem, by iden-
tifying and summing the potential energy of a conVguration, and subsequently Vnding
its equilibrium by minimizing the potential energy. We conclude that the presented
representation matrices can be used to identify the physical constraints, and estimate
the shape of a given conVguration of the Odin modular robot.
6.1 kinematic analysis
The Odin modular robot is based on a link and node structure, where links interconnect
through nodes. The node modules are the most important structural modules, since
they deVne the lattice of the Odin robot. For this thesis we have implemented a CCP
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Figure 6.1: An example of the Odin robot in a tetrahedron conVguration with a rigid
base of battery modules, and a Wexible top of telescoping modules. A wire-
less module is connected to the top node.
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node which connects links in a cubic closed packed (CCP) lattice. Each CCP node has
12 connection points arranged on the faces of a rhombic dodecahedron.
A link consists of a body and typically two connectors, one at each end of the body.
DiUerent types of connectors can be used to connect a body to a node. In this thesis we
have presented a Wexible passive compliant connector, FC, with yaw-pitch-roll degrees
of freedom. For this chapter we also deVne a rigid connector RC, with no degrees of
freedom. The rigid connector is similar to the passive compliant connector, though,
the spring has been replaced by a rigid section locking the ball-and-socket joint. We
have presented bodies for a link, a battery, BL, a telescoping linear actuator, TL, and a
wireless controller, WL. The wireless controller is single-ended and has only a single
connector at one end, and can therefore not be placed between two nodes.
To create a representation of the Odin robot we need to understand its kinematic
structure. The Odin robot is designed to be conVgured in a lattice, which means that it
classiVes as a parallel robot. Most parallel robots are characterized by having the same
number of actuators as degrees of freedom (we refer to these as fully actuated). The
kinematic structure of fully actuated parallel robots as a function of actuator positions
is generally locally unique, and when Vxing actuator positions, high stiUness and accu-
racy can be achieved. Various types of fully actuated parallel robots are in use today.
The most well-known are the Stewart-Gough Platforms [26] and the Flexpicker robot
from ABB. If there are more degrees of freedom than actuators, the parallel robot will
be underactuated and the kinematic structure will no longer be locally unique.
Unlike these systems the goal of the Odin modular robot is not to achieve high stiU-
ness. Rather, we typically wish the robot to be underactuated so that it can passively
adapt its shape to e.g. obstacles in the environment. The Odin robot is thus made from
an arbitrary number of nodes, interconnected using passive or active links with Wexible
or rigid connectors. The passive degrees of freedom can be determined by how many
nodes, and how many Wexible connectors are part of a conVguration. If all the con-
nectors are Wexible, each node, except from the base node, has six degrees of freedom,
which means that a conVguration of n nodes has up to 6(n − 1) degrees of freedom.
The active degrees of freedom is determined by the number of actuated links m. We as-
sume that each actuated link is independent and has one degree of freedom, which for
typical connection topologies of nodes and actuators suggests that the total number of
degrees of freedom will be signiVcantly higher than the number of actuators. However,
it should be mentioned that completely resolving the type of kinematics for arbitrary
parallel structures is computational intractable. See [72] for a detailed discussion. It
is not the purpose of this chapter to make a general kinematic study of diUerent Odin
topologies, but rather to illustrate how we can represent Odin conVgurations and com-
pute equilibrium shapes. For this purpose, we study the tetrahedron example in Fig.
6.1, where it is easy to show that there is a total of 6 degrees of freedom (position and
orientation of the top node) of which 3 are actuated.
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6.2 representing odin
One of the biggest advantages of a modular robot is that it can be put together in several
diUerent conVgurations. However, it also means that each time the conVguration of the
robot is changed wemust change the models for analyzing and controlling the robot. To
be able to generate these models we deVne three conVguration matrices which represent
the interconnection of modules, the type of connectors, and the type of links that are
part of a robot. The conVguration matrices are also useful for being able to reproduce
robots in experiments and in computer simulations. Common for all matrices is that
their size depends on the number of nodes n, in a conVguration. This means that the
size of the matrices is n × n. In general, the elements of the matrices are tuples, but
here we will for simplicity assume that there is at most one link between each pair
of nodes, and at most one single-ended link to each node. Thus, all connections are
unique, and we can replace the tuples by single elements.
6.2.1 Interconnection Matrix
To represent the interconnection of modules we deVne an interconnection matrix, IM.
Each element in the interconnection matrix represents the connection face on node
i which connects node j. This means that a link connected between node i and j is
connected to node i on connection face IMi,j, and to node j on connection face IMj,i.
If an element IMi,j reads 0 it means that there is no link connected between node i
and j. A single-ended link can only connect to one node, for example the wireless
link which has only one connector. These links are represented by the elements in the
diagonal IMi,i, however, they do not aUect the interaction between nodes.
For convenience we have chosen to number the connection faces on the CCP Node
from 1 to 12 so that the sum of two opposite faces is always 13. The numbering can be
derived from Table 6.1. When conVguring the robot the orientation of all the nodes must
remain the same to conform with the CCP lattice structure. This means that if a link is
connected to node i on connection point 1, it is connected to node j on connection point
12. Due to this, once the elements above the diagonal is known, the elements below the
diagonal is also known. This may, however, not be the case for future types of nodes. If
we look at the example conVguration on Fig. 6.1, the interconnection matrix will look
like:
IMTetrahedron =


0 1 2 4
12 0 3 5
11 10 0 6
9 8 7 6

 (6.1)
6.2.2 Connector Matrix
The type of connector used to connect a body to a node may vary. To represent which
connectors, and where they are used in a conVguration, we deVne a connector matrix,
CM. Similar to the interconnectionmatrix, an element in the connectionmatrix, CMi,j,
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represents the type of connector used on node i to connect a link between node i and j.
Also, if a link is connected only to node i the connector is represented by the element
CMi,i.
What type of connectors that is used to interconnect modules is vital for analyzing
the Wexibility and deformation of the robot. In this chapter we present two diUerent
types of connectors, a Wexible passive compliant connector with passive but springy
yaw-pitch-roll degrees of freedom, and a rigid connector with no Wexibility. In the
tetrahedron example on Fig. 6.1we have made a triangular base interconnected by links
equipped with rigid connectors. The three links connecting the top node are equipped
with Wexible connectors. In this case the connector matrix look like:
CMExample =


0 RC RC FC
RC 0 RC FC
RC RC 0 FC
FC FC FC FC

 (6.2)
where FC denotes a Wexible connector, RC denotes a rigid connector, and 0means that
there is no connection between node i and j, as described in IM.
6.2.3 Body Matrix
The body matrix, BM, represents what type of bodies are part of a robot and where
they are connected. The bodies represented in the diagonal is only connected to node
i, and the bodies represented above the diagonal connecting node i to j are the same
as the bodies connecting node j to i. Therefore, only the elements in and above the
diagonal are relevant.
The body matrix describes what functionality is included in a conVguration of the
Odin robot. If we look at the example on Fig. 6.1 there are three types of bodies:
Batteries, BL, telescoping linear actuators, TL, and a wireless body WL. The body
matrix describing this looks like:
BMExample =


0 BL BL TL
− 0 BL TL
− − 0 TL
− − − WL

 (6.3)
which shows that the battery bodies are connected in the triangular base, and the tele-
scoping bodies are able to move the top node. A wireless body is also connected to the
top node to enable debugging and remote control.
6.3 identifying constraints
If we neglect rotation of the connection links around their symmetry axes, we can
uniquely represent the shape of a conVguration by the position and orientation of each
node. The position and orientation of a node in three dimensions can be described by
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Figure 6.2: Two nodes, i and j, interconnected by link k, equipped with two Wexible
connectors. The position of the Vrst node i is denoted pi, and its orientation
is illustrated by the axes (~xi,~yi,~zi). The connection point on which link k is
connected to node i is denoted pi,k. The orientation of the connection point
is rotated so that the x-axis,~xi,k, is along the line from the center of the node
to the connection point and pointing away from the node. This is the same
for node j. When both connection joints are rigid, we choose ~zi,k = ~zj,k.
If one or both joints are Wexible, we choose ~zi,k to be equal to ~zj,k at zero
bending and twist angles.
six variables. The number of variables of a conVguration with n nodes is then 6(n− 1)
since the base node, node 0, is Vxed.
q = {q1, q2, . . . , qn−1} (6.4)
where
qi = {xi, yi, xi, αi, βi, γi} (6.5)
Using this representation, the constraints associated with a link can be described by
its local variables, which enables us to look at each connection between two nodes
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c γc βc ac
1 0 0 r
2 pi/3 0 r
3 2pi/3 0 r
4 pi/6 − arctan
(√
2
)
r
5 5pi/6 − arctan
(√
2
)
r
6 3pi/2 − arctan
(√
2
)
r
7 pi/2 arctan
(√
2
)
r
8 11pi/6 arctan
(√
2
)
r
9 7pi/6 arctan
(√
2
)
r
10 5pi/3 0 r
11 4pi/3 0 r
12 pi 0 r
Table 6.1: Rotation and translation constants for the connection points on the CCP node.
individually. Another option would be to represent it by the degrees of freedom of the
passive joints, however, the model have shown to be much more complex using this
approach.
Fig. 6.2 illustrates two nodes, i and j, interconnected by a link, k, equipped with a
Wexible connector at both ends. The position of the Vrst node i is denoted pi and its
orientation is illustrated by the axes (~xi,~yi,~zi). The connection point on which link k
is connected to node i is denoted pi,k. The orientation of the connection point is rotated
so that the x-axis, ~xi,k, is along the line from the center of the node to the connection
point and pointing away from the node. This is the same for node j.
The position and orientation of node i can be described by the transformation Ti.
For the CCP node the connection points are arranged according to the CCP lattice. The
transformation from node i to the connection point (i, k) can then be found by:
iTi,k = Rot[zi, γc] · Rot[y∗i , βc] · Trans[xi,k , ac] (6.6)
where γc, βc, ac are constants which can be looked up in Table 6.1, since the CCP node
is rigid. If both connectors on link k connecting node i and j are Wexible, the length
between the connection points must be equal to the length of the link, lk. However, if
the connector on node i is rigid, while the connector on node j is Wexible, node i and
link k becomes one rigid body. The connection point on node i can now be placed at
the end of link k, and the distance between connection point (i, k) and (j, k) must now
be zero.
0 =
{
|pj,k − pi,k| − lk CMi,j = FC
|pj,k − pi,k| CMi,j = RC
(6.7)
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for i = 0 to n and j = i + 1 to n, and where the position and orientation of connection
point (i, k) is described by the transformation:
Ti,k =
{
Ti ·i Ti,k CMi,j = FC
Ti ·i Ti,k · Trans[~xi,k , lk] CMi,j = RC
(6.8)
This is, though, only the case when CMi,j 6= 0. Also elements in the diagonal does not
add any constraints.
If a link is equipped with rigid connectors on both ends, the links does not add a
constraint. The two nodes interconnected can then be represented by one rigid body,
where the position and orientation of node j can be described by:
Tj = Ti ·i Ti,k · Trans[~xi,k , lk] · Rot[~zi,k , pi] · [jTj,k]−1 (6.9)
6.4 estimating the shape
If all the connectors are rigid the Odin robot is completely rigid and the conVguration
has only one solution. Though, a typical conVguration will be a combination of rigid
and Wexible connectors. Since the Wexible connectors has a springy joint, the conVgu-
ration has only one solution, except if the conVguration has bi-stable states. Had the
Wexible joints not been springy, a Wexible conVguration would have inVnite solutions.
The static equilibrium can be found by minimizing the total potential energy stored
in all the springs of the system, assuming that there are no external forces on the
system. The potential energy stored in the springs depends on the deWection angles
and the twists in the Wexible connectors’ ball-and-socket joints. The deWection angle
for each Wexible joint can be found by.
θi,k =
{
arccos (~xi,k ·~vi,k) CMi,j = FC
0 CMi,j = RC
(6.10)
where ~v is the vector along the connection link from node i towards node j
~vi,k =


pj,k − pi CMi,j = RC
pj − pi,k CMj,i = RC
pj,k − pi,k otherwise
(6.11)
Finding the twist angle φk is a bit more complicated. Unlike the deWection angle,
there is only one twist angle for each link since it is equally distributed between the
two springs at each connector, if both connectors are Wexible. If only one connector is
Wexible, the twist is only present in that connector’s spring. If both connectors are rigid,
there is, of course, no twist between the node i and j. To Vnd the twist angle we must
Vrst rotate the orientation of the connection point so that the resulting x-axis ~x∗i,k lies
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along the vector ~vi,k. To do this we Vnd the axis vector ~wi,k perpendicular to ~xi,k and
~vi,k, and rotate the orientation of the connection point by the deWection angle θi,k.
~wi,k =
~xi,k
|~xi,k| ×
~vi,k
|~vi,k| (6.12)
~w∗i,k = (Ti,k)
−1 · ~wi,k (6.13)
T∗i,k = Ti,k · Rot[~w∗i,k, θi,k] (6.14)
where ~w∗i,k is the axis vector relative to the position and orientation of the connection
point. The twist angle can now be found by Vnding the angle between the z-axes of
T∗i,k and T
∗
j,k
φk = arccos
(
~z∗i,k ·~z∗j,k
|~zi,k||~z∗j,k |
)
(6.15)
The potential energy of a rotational spring can be written as:
U = 0.5 · ks · θ2 (6.16)
where ks is the spring constant and θ the angle. In this chapter we assume that all the
springs are identical, and the springconstant for the deWection and the twist are equal.
The total potential energy of the system can then be written as:
Utotal[q] = 0.5 · ks ·
m−1
∑
k=0
(
θi,k
2 + θj,k
2 + ckφk
2
)
(6.17)
where m is the number of links in the system and ck = 1 if both ends are Wexible
connectors and ck = 2 if one end is rigid (placing the whole twist on the other end).
Now, to estimate the shape of the system we must minimize the sum of the poten-
tial energy while fulVlling the constraints. This is a constrained optimization problem
which for this chapter has been solved using the built-in Mathematica function Find-
Minimum using a derivative-based method. Fig. 6.3 shows pseudo-code for identifying
the constraints and calculating the potential energy of an Odin conVguration and esti-
mating its shape.
6.5 tetrahedron example
Now that we have described the methods for deriving the constraints and the potential
energy of a conVguration represented by the conVguration matrices, we present an
example of using the methods. If we look at the example on Fig. 6.1, which was
presented previously, we see that it has four nodes. Since the base is connected with
links equipped with rigid connectors, it can be described as one rigid body. The top
node is connected with three telescoping links equipped with Wexible connectors. By
changing the lengths of the telescoping links the top node can move. A wireless link is
connected on to the top node, but does not aUect the kinematic structure.
When minimizing the potential energy we need a start guess for the variables which
is relatively close to the solution, for the numerical optimization method to converge.
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Require: IM, CM, LM {conVguration matrices}
Require: l {module length vector}
n ← dim(IM) {number of nodes}
for i = 1 to n − 1 do
for j = i + 1 to n− 1 do
if IMi,j 6= 0 and IMj,i 6= 00 then
- Find pi,k, pj,k, lk
- Identify constraints
- Find angles θi,k, θj,k , φk
k ← k + 1
end if
end for
end for
- Find potential energy Utotal[q]
- Minimize potential energy by solving constrained optimization problem
Figure 6.3: Pseudo-code for identifying the constraints, and calculating the potential
energy of an Odin conVguration and estimating its shape.
Initially the start guess is found by contracting all the telescoping links, so that the
lengths of all links are equal. The orientation of the nodes must all be equal to the
orientation of the Vrst node which is Vxed, otherwise the structure will not conform
to the lattice. The potential energy of the initial shape is zero, since all the angles
are zero. While continuously Vnding a solution using the previous solution as the
start guess, we can start actuating the telescoping links. The algorithm has not yet
been implemented on the modules, but since the actuators run fairly slow compared
to the microcontrollers on the modules, the start guess should always be fairly close
to the solution. This, of course, depends heavily on the number of modules in the
conVguration, and must be investigated further in future work.
Fig. 6.4 shows the results of estimating the shape for the tetrahedron conVguration.
We have illustrated six extremes, where the telescoping links are either contracted or
fully extended. From the example we see that the tetrahedron is able to change its shape
signiVcantly, and it is clear that the equilibrium found is consistent with the physical
robot. Since the constraints and angles associated with a link only are functions of
local variables, the method can potentially be distributed to increase the scalability of
the method.
6.6 discussion
Since the conVguration of a modular robot changes for diUerent tasks it is important
to have a general representation of the robot. For the Odin robot we have achieved
this by developing three representation matrices describing the interconnection, the
connectors used, and the type of modules that contributes to the functionality of the
robot. The representation matrices can be used to remember useful conVgurations, and
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(a) l0 = 110, l1 = 110, l2 = 110 (b) l0 = 170, l1 = 110, l2 = 110 (c) l0 = 170, l1 = 170, l2 = 110
(d) l0 = 170, l1 = 170, l2 = 170 (e) l0 = 110, l1 = 170, l2 = 170 (f) l0 = 110, l1 = 110, l2 = 170
Figure 6.4: Results for estimating the shape of a tetrahedron conVguration. The leftmost
node is Vxed. l0 is the length of the link between the leftmost node and the
top node. l1 is the length between the rightmost node and the top node. l2
is the length between the far node and the top node.
recreate these conVgurations of the robot both in simulation and in the physical world,
and in between those two. In this chapter we have used the representation matrices to
generalize a method for estimating the shape of an arbitrary Odin conVguration.
With the current modules, the Odin robot relies on its ability to deform to be able
to perform locomotion and manipulation, or to resemble a shape for a physical display.
It can only be reconVgured by hand for diUerent environments and tasks. How the
actuators control its shape in a given conVguration is therefore important for control-
ling the robot. This chapter does not present a general study on the kinematics of the
Odin robot. However, to understand the physical structure, we have done a short kine-
matic analysis of the robot to illustrate how to represent diUerent Odin structures and
estimate their shape.
In future work, estimating the shape can be used to analyze the Wexibility of the
Odin robot. The Wexibility of the ball-and-socket joints is limited by the mechanical
constraints which does not allow the deWection and twist angle to be more than ±23
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degrees. In the tetrahedron example discussed in the previous section the deWection
angles reach a maximum of 42 degrees. This is also due to the fact that the base is rigid.
Had the base been more Wexible, the potential energy would divide the angles more
evenly among the connectors. However, this is an indication of a design constraint that
should be reconsidered when designing the next iteration of the Odin robot.
The proposed method for estimating the shape of the Odin robot does not include
external forces. In the physical world the robot is constantly inWuenced by gravity, and
as it encounters obstacles other external forces will apply. In the tetrahedron example
on Fig. 6.1 gravity is negligible compared to the spring forces, but in larger conVgura-
tions the estimated shape will deviate from the physical shape. However, if the robot is
able to sense its physical shape while knowing the estimate, the deviation can be used
to reason on the external forces. Having knowledge about the external forces can be
used to detect diUerent environments and materials for optimizing the control strate-
gies. In a search and rescue operation this knowledge could also be used to diUerentiate
humans from fallen rocks.
If we instead of setting the lengths of the links, when minimizing the potential en-
ergy, set the positions and orientations of the nodes as a representation of the desired
shape, we may also be able to estimate the length of the links to reach the desired shape.
This could be used to create physical displays, however, the desired shapes has to to lie
within the conVgurations’ workspace.
6.7 conclusion
One of the problems of a deformable modular robot is its controllability. The general
direct and reverse kinematics can not be solved. This chapter presents the basics of
estimating the shape, and leads the way for further research on deformable modular
robots, and similar compliant robots. We have, in short, analyzed the kinematics of the
Odin robot in order to get an understanding of its physical structure. We have presented
a representation for the Odin robot which describes the physical structure of the robot
and the module functionalities in the conVguration. We have used this representation
to generalize the identiVcation of the physical constraints, and to identify the deWection
and twist angles within a conVguration. By minimizing the potential energy, induced
by the springs in the connectors depending on the deWection and twist angles, we have
presented an example of estimating the shape of a tetrahedron conVguration.
This chapter takes the Vrst steps in controlling diUerent conVgurations of the Odin
modular robot. We conclude that the presented representation is well suited for gener-
alizing the conVguration of an Odin conVguration. In addition, we conclude that the
general representation can be used to identify the physical constraints and potential
energy of a given conVguration, and estimate the shape by Vnding the equilibirum.
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In the previous chapters we have focused on two new characteristics of modular
robots, deformability and open heterogeneity. We have presented the Odin modular
robot which implements both. In this chapter we discuss and evaluate the odin modular
robot focusing on the conceptual design characteristics. We conclude that including
both deformability and open heterogeneity induces some limitations to the practical
usability of the robot. Before combing the two, it may be more fruitful to explore the
potential of each feature individually.
7.1 open heterogeneous
The open heterogeneous design concept allows the functionality of a modular robot
to be extended with speciVc functionality for a speciVc application. It is practically
impossible to implement all of the functionality which may be needed in a closed set
of modules. In demonstrations of existing modular robots there has been an increasing
tendency to add diUerent peripherals to the robot, to increase the performance in a
given application. The ICRA 2008 Planetary Robotic Contingency Challenge is a good
example of this. The participating teams would equip themselves with a large variety
of diUerent tools, which could be applied to the robot for the diUerent tasks. It is
important here to note that the teams had to gather all of their equipment before the
task was announced, thus it was unknown at the time. So the challenge was highly
dependent on the equipment brought by the teams and their creativity in using this
equipment.
In these scenarios the equipment brought is a kind of a robotic toolkit. For the toolkit
to solve as many diUerent tasks as possible it must be very versatile. It is not possible
to bring everything, since there is a limit on weight and size of the toolkit. Thereby
the challenge and similar scenarios encourage the development of a highly versatile
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modular robot. The concept of the Odin modular robot, is created to be highly versatile
by allowing the set of functional modules to be extended, and the structural modules
to be modiVed. The only pre-speciVed component is the connection interface.
The open heterogeneous design allows the modules implemented to be simple in
functionality. Each module may only contain little functionality, and may not be able
to function by itself. As diUerent modules are combined, their functionality adds up
to form a robot with the desired functionality. The simple modules creates only a
minimal overhead, since only the desired functionality is added. Modular robots based
on a closed set of modules, especially the homogenous modular robots, may have a
large overhead in functionality, since each module typically apply several functions.
However, the redundancy is high which may increase their robustness. The redundancy
of an open heterogeneous modular robot is low, but the individual modules are easier
to Vx an replace.
Allowing the set of modules to be extended makes the most sense in terms of sen-
sors and end-eUectors. Actuation can be generalized to three diUerent types, linear,
rotational and bending joints. Whereas sensors exist in a very large variety. Tempera-
ture, accelerometer, proximity, sonar, GPS, camera are just a selection of the available
sensors. In manipulation there may also be varying requirements for the end-eUector.
An open heterogeneous modular robot can easily be extended with a new sensor or
end-eUector as long as the connection interface is maintained.
When putting together a general robotic toolkit to bring to scenarios where the task
is unknown, it may not be possible within the time frame to develop a complete new
module for solving the task. Though, in comparison to developing a complete new
robot, it is in any case faster to develop a single module with the desired functionality,
assuming that a general set of modules with general robotic functionalities is provided.
Additionally, for every new module that is developed for a speciVc task, the robotic
toolkit is extended with this functionality which may also be usable in other applica-
tions. Opening up and interfacing to existing sensors, parts from various producers,
and even raw materials, may also increase the versatility of the robot.
Only a few diUerent modules have been implemented for the Odin modular robot.
A CCP node, a rigid and a passive compliant connector, a telescoping linear actuator,
a wireless interface, and the hand and camera add-ons for the theatrical play. Before
more modules are implemented the evaluation described in this chapter should be taken
into consideration for a new version of the robot.
7.2 deformability
The passive compliant connectors introduced for the Odin modular robot enables the
robot to deform and passively adapt to external forces. The CCP nodes allows us to
build triangular substructures, as well as quadratic and hexagonal substructures. Due
to the links not sharing the same center of rotation when connected to a node, the
triangular substructures have very little compliancy. Had the links shared the same
center of rotation the triangular substructures would have been completely rigid to
external forces. Though, the small compliancy of the triangular substructures only
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allows a minimal change in shape of a complete conVguration. Thus, we can consider
the triangular substructures to be stable and almost rigid.
The CCP lattice also has square substructures, which appears in a closely packed con-
Vguration. Squares are not structurally stable structures. In large lattice conVgurations,
the squares are typically Vxed by surrounding triangular substructures. However, if
the square substructures in a closely packed conVguration are not Vxed by surrounding
triangular structures, the conVguration is compliant and able to change its shape based
on external forces.
Hexagonal substructures appear when the conVguration is not closely packed. Thus,
to create large compliant conVgurations which adapts to external forces, it should not
be closely packed.
In practice, a compliant conVguration works well in 2D where gravity only aUects
the friction on the surface. This was shown in the preliminary investigation of de-
formability in chapter 3. However, in 3D gravity comes more into play. By experience
we realize that the structural stability of a compliant structure is heavily dependent
on the passive compliant connectors’ spring constant. As the number of modules in a
conVguration increases, its weight also increases, and if the spring constant is too low
the structure collapses. Though if the spring constant is too high, the conVguration be-
comes to stiU and less adaptable to external forces. The weight distribution also varies
a lot depending on the conVguration.
Our experience shows that it is practically very diXcult to generalize a passive com-
pliant module for a modular robot. The compliancy is heavily aUected by the conVgu-
ration, and must be tuned for each individual conVguration. To enable a modular robot
to adapt to external forces in a way that is practically useful we suggest that the com-
pliancy is actively controlled in each compliant component. This may allow the robot
to exist in an initial stable structure, for each conVguration.
In a closely packed and stable structure the compliant connectors allow actuators
within the structure to actuate in parallel. For rigid modular robots, parallel actuation
must be tightly coordinated within their extensive motion constraints. As a closely
packed structure is primarily based on triangular substructures it is structurally stable,
unless a square substructure is left open. The spring constant of the compliant connec-
tors should therefore be kept as low as possible. Without a spring the nodes will hang
loose in the structure. The springs work against the actuators when they are forced oU
centre. Though, they also store energy which may help actuation if the change in shape
causes the springs to move towards their own equilibrium.
Parallel actuation is an interesting ability in modular robots, as it allows the actuation
strength to scale with the number of modules in a conVguration. If actuation is only
serial, the overall actuation strength is limited to a single actuator. As a consequence,
the actuation strength remains the same even though more modules and thereby more
weight is added. With parallel actuation, the actuation strength can be increased with
the number of modules.
Serial actuation, however, may induce a diUerent problem. The compliancy of the
individual connectors is limited by mechanical constraints. In the case of the passive
compliant connector for Odin, a connector can only bend ±23 degrees. A limit which
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is easily met, when multiple actuated modules create serial actuation. Serial actuation
can be used to increase the speed and change in length, but it is constrained by the
Wexibility of the joints.
Deformability may be an interesting feature, but it is very diXcult to work with in
practice. Deformability for adapting to external forces, may be oU more practical use if
the focus is on the adaptation only and the implementation of an actively controllable
compliancy. Controlling the compliancy may also be exploited for creating motion. On
the other hand, by introducing passive compliant connectors we allow parallel actu-
ation, which is essential for the actuation strength of a modular robot to scale with
respect to the number of modules.
7.3 dynamic reconfigurability
Dynamic reconVguration is either carried out by self-reconVguration, by assistance
of a human or a robot, or stochastically. Many of the existing modular robots imple-
ment self-reconVgurability to enable the robot to autonomously change its morphology.
However, the complexity of the connection interface of such systems easily become
dominant in comparison to the immediate practically useful tasks, such as locomo-
tion and manipulation. The connection interface of stochastic reconVgurable modular
robots are slightly simpler, since they rely on the environment to move modules around.
The connection interface must, though, still be active. If we allow the robot to require
assistance for reconVguration, the connection interface can be passive. Thus, the com-
plexity is minimized.
Requiring assistance for reconVguration, disables the robot from being able to au-
tonomously change its morphology. However, there is numerous applications where
assisted reconVguration is suXcient. We can, for example, imagine that the modular
robot is a robotic toolkit which can be brought by a human to unexpected tasks. On
site the human would be able to assemble a robot to aid him solve the task. Again, the
ICRA Planetary Robotic Contingency Challenge is a great example of such a scenario.
The individual Odin modules contain only simple functionality, but when combined
it is possible to create sophisticated robots. Though the individual modules require as-
sistance to be assembled we could envision a conVguration of Odin modules being able
to self-reconVgure with other conVgurations of Odin modules. We can consider it as a
hierarchy of modules, where the modules on the lowest level can be combined to cre-
ate higher level modules with more functionality, such as self-reconVguration or even
self-replication inspired by the von-Neumann self-replicator. The modular hierarchy of
Odin modules was discussed by Stoy et al. in [69].
A modular robot must be easy reconVgurable to live up to its potential of being
highly versatile. Connecting and disconnecting Odin modules is easy, but creating a
structure and applying its structural features is diXcult. By our experience it is diXcult
to imagine how to realize a conVguration able to solve a speciVc tasks. The structural
features of the Odin robot may have become dominant, in comparison to realizing
robots for solving immediate tasks.
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7.4 topology
In the beginning modular robots were either chain- or lattice-based. However, it was
soon realized that creating a hybrid increased the practical usability without increas-
ing the implementation complexity. Since chain-based systems consist of serially con-
nected modules, the actuation and motion capabilities in this conVguration are good.
Though, reconVguring a modular robot is simpler to perform within a lattice-based
structure, both autonomously and by assistance.
The Odin robot allows modules to be connected in both chain and lattices. It even
allows modules to actuate in parallel, such that the motion capabilities of a lattice
is increased. Most previous modular robots conVgured in a lattice, can only change
shape by reconVguration, and the modules are locked within the structure. A chain
conVguration of the Odin modular robot did also come into use in the ICRA 2008
Planetary Robotic Contingency Challenge, where its passive compliancy enabled it to
move through a venting tube with a 90 degree turn without additional control.
The CCP lattice is the most dense packing of spheres. However, the Odin modular
robot has a very low density of functionality. A majority of the space consumed by the
robot are for structural purposes only. The length between the centers of two nodes
connected by a link is by default 160mm, of which only 60mm is the body module con-
taining the actuators and sensors. The remaining 100mm is used for interconnecting
modules. This includes the passive compliant connectors, and the power and communi-
cation bus between the bodies. To reach a signiVcant change in shape, it is by opinion
estimated that the distance between two nodes should change by a factor of 2. For a lin-
ear actuated body to increase the distance between two nodes by a factor of 2 requires
it to extend from 60mm to 220mm, a factor of 3.67. This is in practice very diXcult
to implement, when all the components of the actuator must Vt inside the contracted
state of only 60mm. Increasing the default length of a body will increase the distance
ratio between two nodes, but also increase the volume of the robot.
7.5 conclusion
The Odin modular robot is trying to capture two very diUerent focus points at the same
time. One is its deformability, allowing the shape of the robot to adapt to external
forces, the shape of the robot to change without reconVguration, and its actuators to
actuate in parallel. The other is open heterogeneity, a basis for increasing the versatility
of the robot by not limiting the functionality to a speciVed set of modules. Based on
our experience, before combining deformability and open heterogeneity it may be more
fruitful to explore each feature individually.
A research group of Harvard University are exploring shape change through self-
deformation. The Morpho modular robot described in [92] is inspired by the creation
of complex structures and functions in biology via deformation. They highlight that
a cell can be thought of as an active tensegrity structure [29], where individual micro-
Vlaments coordinate to dramatically change its shape and even perform locomotion
by deformation. In multicellular tissues, organs, or organisms, these cells coordinate
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Figure 7.1: Tensegrity model of a cell built with dowels and elastic cords. Like a living
cell, it Wattens itself and its nucleus when it attaches to a rigid surface (left),
and retracts into a more spherical shape on a Wexible substrate, puckering
that surface (right) [29].
complex global transformations. Inspired by the Odin modular robot, the Harvard
group have created a similar design based on expanding links and demonstrated parallel
and collective actuation for locomotion [4, 93].
While the Harvard group continues research in the deformability direction, this the-
sis continues towards versatile modular robots through the open heterogeneous design
concept. If we were to continue our research in deformability, we Vnd that that the
tensegrity model, described in the thesis of Chih-Han Yu [91], and adopted by the Har-
vard group is an interesting direction. The tensegrity model is shown on Fig. 7.1. The
tensegrity structure consist of rigid dowels which are interconnected by elastic strings.
The interconnection is carefully arranged in a stable but highly deformable structure.
We suggest a robotic implementation, where the rigid dowels are maintained passive.
However, where the length and elasticity of the strings can be actively controlled to
change the compliancy of the structure.
However, in this thesis we choose to continue to exploit the open heterogenous de-
sign concept for creating more versatile and practically useful modular robots. We seek
to design a robot which is easy and intuitive to reconVgure for solving unexpected
problems in various scenarios. We are greatly inspired by the ICRA Planetary Robotic
Contingency Challenge, which is an opportunity of, not only to test our modular robots,
but also to show the potential of modular robots. The following chapter present a new
modular robot called Thor, extending the open heterogeneous concept of Odin further.
100
8
REAL I Z ING THOR - AN OP EN HETEROGENOUS MODULAR
ROBOT
In contrast to conventional robots, modular robots promise to be versatile. Consisting
of dynamically reconVgurable modules, a modular robot can exist in multiple mor-
phologies for diUerent applications and tasks. In previous research the complexity of
self-reconVguration has had a tendency to take focus over the potential and practical
usability of modular robots. In thesis we have introduced deformability and imple-
mented this feature in the Odin modular robot. However, likewise the complexities of
deformability started to take focus. On the other hand, we have introduced the open
heterogeneous design concept, which has shown a potential in increasing the versatility
and the practical usability in real world environments.
Based on the experience with the Odin modular robot described in the previous chap-
ters, we develop a new modular robot called Thor. The Thor modular robot extends the
open heterogeneous design concept further by simplifying the individual modules. In
Odin, and other existing modular robots the modules with some sort of actuation has
an integrated motor. The Thor modular robot introduces a connection interface inte-
grating the ability to transfer torque between two modules. This makes it possible to
remove the usually integrated motor from the actuator modules, and thereby decrease
their complexity and cost. Instead we can drive the actuator modules by a general
motor module. This improves the versatility of the robot by simplifying the process of
developing additional actuator modules usually requiring a motor. Within limited time
and a limited budget a wider range of actuators can be developed and utilized.
We seek to design and develop a modular robot where the modules are easy and in-
tuitive to assemble into useful conVgurations. Even though connecting and disconnect-
ing the modules of the Odin robot is easy, assembling a useful structure and applying
structural features is diXcult. This is due to its CCP lattice topology and its passive
compliant connectors. The Thor modular robot adopts a simple cubic lattice, which is
believed to be the most intuitive 3D structure, and a rigid connection interface. The
connection interface is also magnetic, making the assembly of modules easier.
The Thor modular robot is inspired by the experience from our participation in the
ICRA 2008 Planetary Robotic Contingency challenge, where unexpected tasks must be
solved within a short time frame and with limited equipment. The most successful
teams were able to solve a majority of the tasks using a mobile platform with a recon-
Vgurable manipulator on top. Between tasks, the teams reconVgured their robots for
the speciVc tasks. With that in mind we develop an initial set of modules, with which
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Figure 8.1: CAD rendering of an example Thor modular-robot conVguration. The con-
Vguration is a mobile platform with a manipulator on top. The mobile plat-
form has four wheels with a motor each. The manipulator has Vve degrees
of freedom; two rotational joints, two hinge joints, and one end-eUector.
The conVguration consists of 9 motor modules, 4 wheel modules, 8 angle-90
modules, 2 nodes, 4 rotation-165 modules, and 1 gripper.
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we should be able to create, at least but not only, various mobile platforms with various
manipulators on top, using the same set of modules.
The name Thor comes from the Norse mythology, where Thor is the God of Thunder.
Thor’s powerful hammer, Mjo¸llnir, is believed to be one of the most powerful weapons
in the Norse mythology, and is said to be capable of leveling mountains. The Norse
God Thor is also a direct descendant of the Norse Chief God Odin, after whom the
Odin robot is named. Since the Thor robot is partly inspired by the experience we have
had with the Odin robot, it was a suitable name for this new robot.
8.1 the thor concept
The Thor modular robot is a robotic building kit, with which we can build a variety
of robots solving diUerent tasks in diUerent environments. This section describes the
overall concept of the Thor robot.
8.1.1 Open Heterogeneous
We can imagine having a suitcase full of modules, which on demand can be brought
to diUerent scenes, where a robot can be build on site to solve the required task. The
environments and tasks are not known beforehand, and the suitcase can only hold a
limited set of modules. This is exactly the scenario of the ICRA Planetary Contingency
Challenge in which we participated in 2008. Since the tasks are unknown beforehand,
our experience showed that bringing the most versatile equipment, and being able to
combine this equipment with the robot is essential.
By being open heterogeneous, the Thor modular robot is kept open to additional
functionality and accessories, and each module can be kept very simple. A wide range
of functionalities does not have to be embedded in a speciVed set of modules, as with
homogeneous and closed heterogeneousmodular robots. The simple modules can easily
be assembled into sophisticated robots, with only the desired functionality and little
overhead.
Depending on the task and environment, there may sometimes be a need for many
wheels, or sometimes there may be a need for many actuated joints. The Thor modular
robot introduces a new connection interface capable of transferring torque between two
modules. As a result, we can remove the usually integrated motor from the actuator
module, and drive the actuator module by a general motor module. A general motor
module is able to drive a large variety of actuator modules, such as wheels, actuated
joints, or a variety of end-eUectors, such as a grippers. Thus, a motor does not need
to be added to each module, which simpliVes and decreases the cost of developing
and producing new modules with new functionality. This allows us to develop a more
versatile set of tools for the Thor modular robot.
It is very unlikely that all actuator modules are needed for a single task, thus we can
bring only few general motor modules, while still having a versatile set of actuators.
The overhead of expensive and heavy motors can be minimized, but we might risk
having to few motors.
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8.1.2 Rigid – By Default
A deformable modular robot is able to change its shape and passively adapt to an envi-
ronment. However, since its shape is not completely controlled by its actuators, using
the robot in practice have by experience shown to be diXcult. The deformable struc-
ture seems dominant, in comparison to the practical usefulness of the robot. The Thor
modular robot is developed for creating immediate solutions to unexpected problems.
Thus, it must be easy to imagine and predict the behavior of a conVguration. For that
reason the Thor modular robot is rigid by default.
However, even though it is not done for this thesis, deformability can in theory
be added by developing a compliant module. In the previous chapter we did see a
potential in deformability. Several actuators may connect through a compliant module
to allow parallel actuation, or the actuator in itself can be compliant. The Odin robot
achieves deformability by using compliant connectors, and the structure is by default
deformable. By creating a structure which is by default rigid, and allowing compliant
modules in the structure, it may be easier to place compliancy in the robot where it is
desired.
8.1.3 Assisted ReconVguration
We assume that a human is present for reconVguration. Self-reconVgurability often
becomes dominant in comparison to the usability of the robot in practice. There are
many situations where a modular robot can be utilized, despite the fact that it is not
able to reconVgure autonomously. The ICRA Planetary Robotic Contingency challenge
is a good example of such a situation.
The Odin modular robot has point based connectionmechanism, based on a ball-and-
socket joint. This connection mechanism consumes a lot of space in a conVguration
in contrast to actuators and sensors. The Thor connector requires a large connection
surface, but it is kept minimalistic, and it consumes only minimal space. We adopt
the same redundancy in terms of connection angle as Odin. Though, with only linear
actuators, Odin did not have use of the six-redundant connector. However, with the
Thor modular robot we also wish to be able to connect modules, with an actuation or
sensor axis perpendicular to the direction of connection, in diUerent angles. To match
the cubic structure, the Thor connection interface is eight-redundant, with 45 degree
intervals. A 90 degree interval is suXcient to match the cubic structure, but the smaller
interval allows the conVguration to break out of the simple cubic lattice.
To simplify the assembly of modules the connection interface is magnetic. However,
magnetic forces are limited. For that reason we add the possibility of screwing the
modules together. The connector is genderless, so that all modules can be connected in
any possible way regardless of orientation.
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8.1.4 Hybrid Topology
In chain-based modular robots the modules are conVgured in chains, which typically
can be branched into trees. When a robot is conVgured in a chain, the modules are able
to actuate more freely. If the chains, however, are connected in a loop, the actuation
becomes parallel. Chain-based conVgurations are usually able to change their shape
signiVcantly by actuating their modules, and it is easier to create arms for manipulation
and legs for locomotion. In lattice-based modular robot the modules are conVgured in
the discrete positions deVned by a lattice. The lattice gives a modular robot a bit more
substance, and since its modules are connected in parallel, its strength and stability do
not only rely on a single module. To change the shape of a lattice-based modular robot
it must either be deformable, so that the modules can actuate within the structure, or it
must be reconVgured.
The Thor modular robot is a hybrid, and combines the ability to conVgure the mod-
ules in a chain and a cubic-lattice structure. By default, it has a rigid structure, and
its modules are, therefore, not able to actuate within a lattice-based sub-structure. To
enable this, compliancy can be added using deformable modules. However, the rigid
lattice-based structure enables us to create sturdy bases, on which we can mount actu-
ated chain-based structures.
Due to the open heterogeneous design, the modules may contain very diUerent func-
tionality. The implementation of some modules may require little space, such as simple
sensors, and some modules may require more space, such as actuators. For that rea-
son we deVne a unit of measure called Thor Cubic Unit (TCU). The Thor connector
is deVned to 4x4 TCU. This means that a node holding six connectors in a cubic ar-
rangement must at least be 4x4x4 TCU. Lets say that another module holds only two
connectors, one at each end. The length of such a module may vary. For example, two
4x4x2 TCU modules in series is the same size of one 4x4x4 TCU module. The TCUs
deVnes the space requirements of a module within a simple cubic lattice.
8.2 implementation
The usability of a modular robot relies heavily on the interconnection between modules,
and the connector is the most crucial component of the robot. As long as the connection
interface is kept identical for all modules, anything can be put in between. Thus, the
connector is the only homogeneous component of the Thor modular robot.
This section describes the implementation of the Thor connector and the initial set of
modules. The dimension are deVned by TCUs. In this implementation, 1 TCU = 18mm.
8.3 the thor connector
The Thor connector is a genderless magnetic 8-redundant connector with optional ro-
tational drive shaft. It consists of a few simple components, a base ring, a pcb with 6
spring contacts, a bearing and 16 magnets. Fig. 8.2 shows the connector attached to a
motor module.
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Figure 8.2: A genderless magnetic 8 redundant connector with optional rotational drive
shaft – [1]: Screw holes; [2]: Pin and hole with magnets; [3]: Bearing; [4]:
5mm hex drive/output shaft; [5]: Receptor pads; [6]: Spring contacts; [7]:
Mounting screws.
The base ring has 8 symmetrically placed pairs of a pin and a hole. Each pin and hole
has a small 5x2mm disc magnet with opposite polarity. This allows two connectors to
magnetically connect and align in 8 diUerent angles. The connector also has 8 screw
holes, in case the magnets are not strong enough to withstand the forces in the robot or
exerted on the robot.
Inside the base ring sits a pcb with 6 spring contacts. Each spring contact is assigned
to establish dedicated electrical connection between two connected modules, as follows:
2 Power lines, Vcc and Ground, 2 lines for a RS-485 diUerential bus, 1 line for detecting
the angle of connection allowing the robot to detect its topology, and 1 line is still
unassigned. The hole in the center of the pcb can either be blinded or it can Vt a
bearing. The bearing can hold a 5mm hexagonal socket, which in combination with a
5mm hexagonal shaft can transfer rotational power between two modules. This means
that a motor module can drive other modules which requires rotation.
Each module may have several connectors, and from the backside of the pcb all
of the connectors of a module can be interconnected with power and communication.
The backside of the pcb also allows us to add on a microcontroller board facilitating
an Atmel AT91SAM7S256 microcontroller with an ARM-7 core, and RS-485 commu-
nication. The microcontroller board can be combined with additional electronics for
speciVc modules, such as a motor controller and power electronics for a motor module.
Though the connector is prepared for topology detection, the electronics is not fully
developed and does not enable this yet.
The Thor connector has a diameter of 70mm and is centered on a face which is 4x4
TCU.
8.3.1 Thor Modules - The Initial Set
We have developed an initial set of 7 diUerent modules.
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(a) CAD Model - Exploded View (b) Real - Assembled
Figure 8.3: Thor Motor – [1]: Maxon EC45-Wat brushless DC-motor; [2]: Pinion gear
(20 teeth); [3]: Shell; [4]: Planetgears (30 teeth) on mount with output shaft;
[5]: Internal gear (80 teeth).
-3 -2 -1 0 1 2 3
-2
-1
0
1
2
1
4× 4× 4 TCU
(a) CAD Model - Exploded View (b) Real - Assembled
Figure 8.4: Thor Node – [1]: Aluminum shell.
8.3.2 Motor
The motor module on Fig. 8.3 is able to drive other modules that require torque to
actuate, such as the rotation-165, wheel and gripper module. Having separate motor
modules simpliVes developing new actuated modules, since they do not need to have
their own motor. The motor module has a 5:1 planetary gearing driven by a Maxon
EC45-Wat brushless DC-motor. The brushless DC-motor has a stall torque of 255 mNm,
which should give us at least a torque of 1 Nm on the output shaft. It is all contained,
including electronics, in a 3D printed (ABS) cylinder with a connector at each end. The
cubic dimensions of the motor module are 4x4x4 TCU.
8.3.3 Cubic Node
The cubic node module on Fig. 8.4 is used for branching modules in a cubic lattice. The
node consist of to identical shells milled in aluminum. It holds six connectors, one on
each face. The cubic dimensions of the node module are 4x4x4 TCU.
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(a) CAD Model - Exploded View (b) Real - Assembled
Figure 8.5: Thor Rotate 165 – [1]: Drive shaft with pinion gear (20 teeth). [2]: Fixed
shell; [3]: Planet gears (30 teeth); [4]: Internal gear; [5]: Rotation shell.
8.3.4 Rotation-165
The rotation-165 module on Fig. 8.5 can be driven by the motor module to rotate an-
other module ±165 degrees. Torque is provided on the drive shaft which holds a pinion
gear. The Vxed shell holds two planet gears, which drives the internal gear on the ro-
tation shell. This results in a gear-ratio of 4:1. The rotation-165 module is limited in
rotation to prevent breaking the wires connecting the two connectors. The shells are
produced on a 3D printer. The cubic dimensions of the node module are 4x4x2 TCU
(the cylinder is 2 TCU high).
8.3.5 Angle-90
The angle-90 module on Fig. 8.6 has an L-shape and branches up to three modules in
a 90 degree angle. Two of the connectors are directly opposite on the side face and a
drive /output shaft allow rotation to pass through. The third connector is placed on the
bottom face at a 90-degree angle. Two angle modules can be used in combination with
a rotation module to create a bending joint. The dimensions of bottom face are 4x4
TCU, and of the side face 4x5 TCU. The angle module is produced on a 3D printer.
8.3.6 Wheel
The wheel module on Fig. 8.7 can be driven by a motor to rotate. The cubic dimensions
of the wheel are 4x6x6 TCU, where the connector is centered on the 6x6 TCU face
concentric with the wheel. The wheel is bought oU-the-shelves of a RC-car shop and
108
12
4× 4 +×5 TCU
(a) CAD Model - Exploded View (b) Real - Assembled
Figure 8.6: Thor Angle – [1]: Shell; [2]: Drive/output shaft.
1 2 3
4× 6× 6 TCU
(a) CAD Model - Exploded View (b) Real - Assembled
Figure 8.7: Thor Wheel – [1]: Wheel; [2]: Drive shaft; [3]: Shell.
mounted on a drive shaft. The drive shaft is contained within a shell holding the
connector. The shell is produced on a 3D printer.
8.3.7 Gripper
The gripper on Fig. 8.8 can be driven by a motor to grasp objects or other modules. The
drive shaft holds a double threaded worm gear, enabling the identical gripper arms to
move symmetrically. The cubic dimensions of the gripper base are 4x4x2 TCU. Since
the gripper is an end-eUector, the dimensions of the gripper arms are not deVned. All
of the components for the gripper is 3D printed.
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(a) CAD Model - Exploded View (b) Real - Assembled
Figure 8.8: Thor Rotate 165 – [1]: Gripper arms; [2]: Shell; [2]: Double threaded worm
gear.
8.3.8 Battery
The battery module provides battery power to the robot. By connecting a 12V power
supply the robot can run tethered, or the battery can be charged directly. The cubic
dimensions of the battery module are not yet deVned.
8.3.9 Wireless
The wireless modules allow for PC-to-robot or robot-to-robot communication using
wireless ZigBee. The cubic dimensions of the battery module are not yet deVned.
8.4 discussion
The Thor modular robot is a robotic building kit, with which a human can assemble
diUerent robots capable of both locomotion and manipulation. To create a versatile
robotic building kit, we need a variety of functionalities, such as actuated joints, end-
eUectors, wheels, legs, sensors, and batteries. The functionality needed vary depending
on the task and environment, either of which is not necessarily known beforehand. If a
homogeneous modular robot on a cm-scale were to incorporate all of this functionality,
each module would become extremely complex and big. The Thor modular robot is
open heterogeneous, and the functionality is divided into a variety of modules which
can connect to each other.
Since Thor is open heterogenous, only a fraction of the modules will typically be
used for a single task, leaving a number of unused modules. The actuated modules are
usually the most mechanically complex and expensive modules in a modular robot, par-
tially due to high-grade motors. Therefore, if each actuated module has an integrated
motor the overhead in cost and complexity from the unused modules could be fairly
high. By developing a connector capable of transferring mechanical rotation, we have
removed the integrated motor from the actuated modules. Instead we have developed
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a simple motor module, which is able to drive a variety of actuated modules. This has
made the actuated modules simpler and easier to develop and produce, and it allows us
to have a larger variety of actuated modules. However, the number of actuated mod-
ules, which can be used in a single conVguration of the Thor modular robot, are limited
to the number of motor modules available. The total size of an actuated module plus a
motor module will also be larger than an integrated module. Dividing the functionality
of the Thor modules into simpler modules with less functionality requires at least two
or more modules to create an actuated joint or end-eUector. This will increase the size
of the robot, and also require a higher number of connectors. By making the connector
simple with cheap components, and easy to produce, the overhead in cost and assembly
is minimized.
The Thor modular robot also induces some new interesting control issues that rely on
fast and stable communication. Since the motor can drive diUerent actuated modules,
the control of the motor must also be dynamic. If we e.g. connect a wheel to the motor,
we need a speed controller, but if we connect a rotational or bending joint, we need
an absolute position controller. Since a module driven by the motor module may have
additional gearing, the absolute position must be measured as close to the output as
possible. The controller then becomes inter-modular, and relies on the communication
between the motor module and the module it drives. A solution to this could be to
make a speed controller regulating the speed of the output shaft on the motor module.
An actuated module is then able to ask for a speciVc speed on its input shaft, which can
be provided by the motor module.
The Thor modular robot takes the experience from the Odin modular robot into
account, and extends the open heterogeneous concept further. We were also inspired
by the ICRA Planetary Contingency Challenge, which encourages researchers to show
the potential of their modular robots in an environment resembling a planetary habitat.
The planetary habitat is an example of an environment, where unexpected problems
may occur and must be solved by a robot. The competition is designed to simulate a
situation that could happen in the real world, which is a great opportunity to test the
potential of a modular robot. The Thor modular robot is tested for the Vrst time at same
event held at ICRA 2010.
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TH E ICRA 2 0 1 0 P LANETARY ROBOT IC CONT I NGENCY
CHALLENGE
After a success in 2008, the ICRA Planetary Robotic Contingency Challenge was held
again in 2010. This time the University of Southern Denmark participated with two
teams. The Vrst team used the ATRON modular robot [52], and the second team used
the Thor modular robot. Inspired by the 2008 Planetary Robotic Contingency Chal-
lenge, described in section 5.2, the Thor modular robot is developed to be highly ver-
satile. The challenge encourages the development of robots, with which it is easy to
create immediate solutions to unexpected problems. The 2010 challenge is therefore
the perfect place for testing the potential of the Thor modular robot. After only six
months of development, Thor is tested for the Vrst time.
Again, the challenge takes place in a simulated planetary environment, with a plan-
etary surface and a human habitat. The planetary surface is a 6m by 6m sandbox with
5cm deep gravel. The gravel is approximately 1/4 size pieces. Humans can only exist
in the habitat. Thus, the participating teams are situated in the habitat. Due to serious
noise issues using the wireless cameras in 2008, this time there is a limited view over
the planetary surface from small windows. Only the robots can enter the planetary
surface through the designated airlock. The robots must be placed in the airlock and
move out to the planetary surface by itself. For a robot to return to the habitat, it must
also do so through the airlock. The airlock is 1.5m long, 1m wide, and 1m tall. Its doors
are 1m by 1m and placed at each end of the long dimension.
Each team is only allowed to bring a container with outside dimensions summing to
150cm or less, and weighing a maximum of 25kg including everything. The limitation
in equipment simulates the real world size and weight restrictions on a space mission.
Each team will be equipped with six standard 110V AC outlets in the habitat.
The challenge spans two days. On each day an unexpected problem occurs in the
planetary environment, which must be solved on the planetary surface. The problem
can be anything one can imagine happening on a planetary habitation. The problem is
announced to all teams simultaneously, and must be solved within 4-6 hours.
The 2010 planetary robot contingency challenge was again organized by the Modular
Robotics Laboratory led by professor Mark Yim. For the teams who is not able to bring
their own robot, the organizers provide a set of CKBot modules. The participating
teams were:
• Harvard University (Harvard) – Using CKBot
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• Massachusetts Institute of Technology – using CKBot
• University of Washington (UW) – using CKbot
• University of Southern Denmark (USD) – using ATRON
• University of Southern Denmark (USD) – using Thor
USD were the only to bring their own robots, ATRON and Thor. This time, USD
brought two teams, each with their own modular robot. This chapter describes the
performance and results of the USD Thor team.
9.1 day 1 , 11 .00am – restore communication
After measuring and weighing our equipment, the unexpected problemwas announced
at 11.00AM:
“Scenario: You are on Mars. A martian storm has tipped over and dam-
aged your base’s antenna. The mast has split into parts and the antenna
has fallen to the planetary surface. Within 5 hours a space ship will arrive
with important supplies. You must restore communication to the space ship
for it to be able to land. Communication can be restored by picking up and
lifting the antenna as high as possible. The airlock is out of function, and
will not be available in the Vrst two hours.”
“Rules: The robot can be tethered, but you may not touch it while the
robot is deployed. When you are ready to attempt a run, the robot must
be brought to the airlock. The robot must go through the airlock. When
the robot is placed in the airlock, a referee will close the doors from behind
and open the front. The robot may drive out. You are limited to 10min per
run if other teams are waiting. Two robots can be on the Veld at the same
time, if they are not interfering with each other. Should the robot get stuck,
you may request a referee to reset your run, and bring back the robot to
the airlock. You may not go past the screen. The planetary surface can be
observed from the small windows.”
“Scoring: As the antenna is lifted above the surface, the score is based on
the height of the tip above the surface. Style points are given for creative
and innovative solutions.”
Using four wheel modules, the plan was to create a wheeled base able to drive on
the planetary surface. The wheeled base was created using to motors actuating the
front left and right wheels. The back wheels are passive. The wheels are mounted on a
passive articulated chassis consisting of two node modules and two angle-90 modules
in combination with a rotation-165 module. The passive back wheels and the passive
articulated chassis allows the actuated front wheels to steer.
We made two attempts picking up the antenna using the wheeled base, with two
diUerent manipulator conVgurations on top. Fig. 9.1 shows the two conVgurations.
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(a) Mobile Thor conVguration with a gripper raising an antenna.
(b) Mobile Thor conVguration with modiVed wheels and a scoop.
Figure 9.1: Day 1 at the ICRA 2010 Planeteray Robotic Contingency Challenge.
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The Vrst conVguration was based on a manipulator with three degrees of freedom.
The manipulator can bend down using two angle-90 modules in combination with a
rotation-165 and a motor module. The gripper is mounted at a 90 degree angle on the
bending joint using an angle-90 module. The gripper can rotate using a rotation-165
module and a motor module. The gripper module is actuated by a motor module. The
gripper is modiVed with a few lego components for grasping the antenna.
In the Vrst attempt, the robot succeeded in driving to the antenna, grasping an lifting
up the antenna 50 inches from the ground.
To try an reach a higher score in the remaining time. We decided to create another
attempt. This attempt would require the use of the damaged mast. In styrofoam we
created a scoop mounted on a bending joint on top of the wheeled base. The bending
joint consist of two angle-90 modules in combination with a rotation-165 module and
a motor module. The plan was to scoop up the antenna and place the bottom in hollow
end of one of the mast pieces. Once the antenna is placed, the mast and the antenna
could potentially be pushed up, sliding on the scoop, assuming that the opposite end of
the antenna would stay Vxed on the ground.
The second attempt did not succeed. Despite the successful Vrst attempt, the wheeled
base did not drive very well in the gravel. The actuated wheels tend to dig down in the
gravel, until the robot lies on its stomach and is unable to move. We tried to increase
the diameter of the driving wheels, without success.
As the antenna was lifted up, communication to the supply ship was restored and
the supplies were delivered to the habitat. Everyone survived.
9.2 day 2 , 11 .00am – solar panel recovery
On the second day, another unexpected problem occurred at 11.00AM:
“Scenario: You are still on Mars. A second storm has blown oU the solar
panels from the structures they were mounted. In 5 hours the batteries
will run out. Power has to be restored before the oxygen level gets too low
and kills everyone. The solar panels must be retrieved from the planetary
surface and mounted on the structures. There are two diUerent structures
on which the solar panels have to be mounted. The Vrst is a square metal
post about 2.5m high. The other is a plastic structure covered in a plastic
netting, also about 2.5m high. It has a vertical side and and sloped side. On
the vertical side, the netting is tightly fasted to the structure. On the sloped
side, the netting is hanging loose, like a hammock. The normal airlock is
still functioning. Two additional sliding airlocks are able to bring the robot
close enough to the structures, so that they can touch them. The airlock
will not function in the Vrst two hours. Another team is working on Vxing
old solar panels, which can be mounted after 3.5 hours.”
“Rules: The robot can be tethered, but you may not touch it while the
robot is deployed. When you are ready to attempt a run, the robot must
be brought to one of the airlocks. The robot must go through the airlock.
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When the robot is placed in the airlock, a referee will close the doors from
behind and open the front. The sliding airlocks will slide out. The robot
may drive out. You are limited to 10min per run if another team is waiting.
Two robots can be on the Veld at the same time, if they are not interfering
with each other. Should the robot get stuck, you may request a referee to
reset your run and bring back the robot to the airlock. You may not go
past the screen. The planetary surface can be observed through the small
windows and the transparent airlock doors. Only one solar panel must be
retrieved ”
“Scoring: Retrieving a solar panel gives 10 points. There are diUerent
mounting marks on the structures. Each mark on the structure gives points
associated to the hours of sun light. By coincidence the marks gets more
diXcult to reach, the more hours of sun they get. Points are given for par-
tially and fully covering the marks, based on the percentage of coverage
and the associated points of the marks. Style points are given for creative
and innovative solutions.”
The plan was to retrieve the solar panel using the same wheeled base as day 1 despite
the limited mobility. We placed a wooden rod on a bending joint, created from two
angle-90 modules in combination with a rotation-165 and a motor. At the tip of the
wooden rod we placed two strong magnets to pick up a solar panel.
Due to the poor mobility and a too fragile axle in the wheel modules, we did not
succeed in retrieving the solar panel. The axles were Vxed several times, and several
attempts were made. Finally we decided to wait for the solar panels being Vxed and
focus on placing a panel.
Wheeled locomotion was no longer an option. We had to take advantage of the
sliding airlocks bringing us close to the structures. The square steel post was to diXcult
to climb, however, we can potentially climb the structure with the plastic netting. The
sliding airlock took us close to the vertical side of the plastic netting. The vertical side of
the netting has two mounting marks, one which gives 100 points, and one which gives
200 points. So the plan was to create a conVguration capable of vertically climbing the
plastic netting, and placing a solar panel by leaving the robot hanging.
The conVguration consist of a gripper module actuated by a motor module. Using a
few Lego components we created linear motion from opening and closing the gripper.
At the tip of the linear mechanism a hook made from a large paperclip is mounted. A
rotation-165 module is placed on a angle-90module at the bottom of the conVguration.
The rotation-165 module is actuated using a motor module, with a rotation axis perpen-
dicular to the netting. On the rotation-165module we placed a wooden rod horizontally
with hooks on each end. This enabled us to steer the climbing robot.
The robot was able to climb vertically by pushing the top hook up, and when it is
pulled down again the hook will get stuck in the netting and pull the entire robot up.
When the top hook is being pushed up the two bottom hooks would prevent the robot
from falling down again. By rotating the wooden rod on which the two bottom hooks
are mounted, the top hook can be pointed and steered in the right direction. To prevent
the robot from tipping out, and keep it close to the vertical netting, a wooden rod was
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(a) Mobile Thor conVguration with a magnetic end-eUector picking up the panel.
(b) Vertical climbing Thor conVguration with steering.
Figure 9.2: Day 2 at the ICRA 2010 Planeteray Robotic Contingency Challenge.
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placed vertically at the bottom of the robot. Fig. 9.2 shows the vertical climber on the
the plastic netting.
The vertical climber was deployed to the plastic netting structure, by placing it ver-
tically on the sliding airlock. As the airlock was pulled back, the hooks got the robot
stuck to the plastic netting. A solar panel was mounted on the body of robot, so the
robot had to climb slightly higher than the mounting marks.
The robot climbed roughly 1m above ground before falling down. This was partially
due to the heavy traXc through the sliding airlock. Since the vertical climber moved
quite slow, and as time was running out, we could not prevent other teams from using
the airlock.
Luckily some other teams succeeded in placing enough solar panels to restore power.
Everyone survived.
9.3 results
Table 9.1 shows the Vnal results of the competition. Our team, the USD Thor team,
Vnished four out of Vve. On the Vrst day we received 35 style points. On the second
day we received 50 style points for the vertical climber, though we did not manage to
collect any points.
Table 9.1: Results of the ICRA 2010 Planetary Contingency Challenge.
# Team Day 1 Day 2 Result
1 USD ATRON 122 160.25 282.25
2 Harvard 93 70 163
- MIT 88 75 163
4 USD Thor 85 50 135
5 UW 24.5 90 114.5
9.4 discussion
The Thor modular robot suUered from the lack of testing and development time. The
wheeled base was almost unable to drive in the gravel. The motors are very powerful,
and the gearing very low. This makes it very diXcult to make the motor controller run
smoothly, as the feedback is based on the hall-eUect sensors in the brushless DC-motor.
The feedback is simply to slow compared to the output speed. It resulted in the wheels
spinning fast with a high acceleration, and digging down in the gravel until the robot
lied on its stomach. Increasing the diameter of the wheels prevented the robot from
ending up on its stomach. However, the speed became even more diXcult to control,
and the inertia of the wheels broke the axles when the motor stopped. On a Wat and
hard surface the wheeled base runs fairly smooth, but still too fast. The solution is to
gear down the motor and develop better control.
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Assembling the modules magnetically is very easy and intuitive, but we experienced
that the magnetic connectors are to weak. The weight of three or more modules in the
rough terrain is enough to break the magnetic connection. This did, however, not aUect
the results of the challenge, since we were able to screw the modules together. Though,
screwing the modules together is a tedious and time consuming task, and in some cases
the designated holes are too diXcult to reach. A future revision of the connector should
implement a simple mechanical mechanism locking two modules together.
During the challenge we did not Vnd use for the 45 degree interval connection re-
dundancy. A 4-redundant connector with 90 degree intervals may be suXcient. This
would also simplify the connector design and it will require less spring contacts and
magnets reducing its cost even further.
A future revision of the motor module should focus on shrinking the size and create
better control. The motor module is relatively big, and a conVguration easily becomes
bulky. The electronics for driving the motor consumes a lot of space, since it is gener-
alized and has an excess of features. Ideally a motor should only consume 4 × 4× 2
TCU in a conVguration.
Deformability could have been utilized to climb the sloped side of the netting struc-
ture. Since the netting is hanging loose, a passive compliant robot may have been able
to lie Wat on the surface of the netting, and perform caterpillar locomotion going up.
Another team made an attempt of driving up the netting, but their robot tipped over
due to a high center of mass. Otherwise, this years challenge did not include tasks
where deformability could have a clear advantage over rigid systems.
The most interesting observation from the competition is that the solutions created
with the Thor robot only required very few accessories, which are not Thor modules.
We tried to increase the diameter of the wheels on the wheeled base using a bit of
styrofoam and duct tape. The gripper was modiVed with a few lego components for
grasping the antenna, and creating linear motion. The linear motion of the vertical
climber could have been optimized by having linear actuators, as implemented in the
Odin modular robot. In addition a few short wooden rods and a few paperclips were
used. As the problems are unexpected it is impossible prepare the robot for any situa-
tion. Thus, it is practically impossible to create a robot performing any unexpected task
without utilizing any additional accessories. However, the fact that we only required
few accessories for the Thor modular robot to solve the tasks of the challenge, shows
that the initial set of modules for the Thor modular robot is very versatile.
9.5 conclusion
Once again, Vrst in 2008 and now the 2010 ICRA Planetary Robotic Contingency Chal-
lenge, showed a real world potential of modular robots. All of the participating teams
showed that it is possible to create a robotic solution to an unexpected problem within
limited time, and with limited equipment using modular robots.
The Thor modular robot did not receive as many points as other teams using more
accessories. Some may argue that even though we used less accessories we also did
not do as well. However, we did show a number of feasible solutions. These solutions
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failed merely due to the instability of the system being tested for the Vrst time, than
due to design of the Thor modular robot and the initial set of modules.
It is clearly impossible to anticipate any problem which may occur in the challenge,
relating to several real world scenarios. Thus, a robotic solution will always need to
utilize accessories which can be applied at hand and on site. The open heterogeneous
design concept invites the user to extend the functionality of a robot, by adding new
modules and accessories. However, the relatively small range of Thor modules imple-
mented so far showed high versatility, since only few accessories were applied. This
concludes that the need for accessories can be reduced by simplifying the individual
modules, and allowing them to be combined in multiple ways for diUerent conVgura-
tions.
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10
F I NAL THOUGHTS
This chapter represents the Vnal thoughts of this thesis.
In this thesis we presented a new category of module homogeneity, called open het-
erogeneous. Open heterogeneous modular robots are designed to be easily extended
with new functionality, and their functionality is distributed across several modules.
Furthermore, we presented deformability as a new feature enabling modular robots to
autonomously change shape, adapt to changing environments without reconVguration,
and actuate modules in parallel.
10.1 discussion
The goal of this thesis is to increase the versatility and practical usability of modular
robots, by introducing new conceptual designs. Focus has been put on tasks where a
human is able to assist the reconVguration of modules. We think of our modular robots
as robotic toolkits, which can extend our reach and capabilities. We can create multiple
robots using the same set of modules to perform maintenance on various machines.
In disasters, we can create the robot on site with the required morphology and desired
functionality. In space, a robotic toolkit, can aid a astronaut in solving not only one, but
several tasks. On a factory, products change, and with a modular robot, the production
can adapt to new products. In biology, a modular robot can be used to study various
biomechanic structures. In healthcare, a modular robot may aid a disabled person in
performing various tasks. In architecture, a modular robot could allow the environment
we exist in to adapt based on our needs. In all of these examples a human is able to
assist the reconVguration.
If we look at the conventional robots in use today, they all have very speciVc func-
tionality tailored for solving the single, or few tasks they are developed for. Combining
all of these speciVc functionalities in a limited set of modules is practically impossible.
Especially, the variety of sensors is extensive, and end-eUectors exist in all shapes and
sizes. In terms of actuators, we usually consider some general functionalities such as a
bending joint, a rotational joint, and linear actuation, but these may also have speciVc
modiVcations. So it is practically very diXcult to develop a modular robot embedding
enough functionality to be used for several tasks. SpeciVc tasks most often need a
speciVc mechanical solution or sensor, which is diXcult to realize from a priori set of
modules.
For that reason, we propose an open heterogeneous design concept for modular
robots. An open heterogeneous modular robot only deVnes the connection interface
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between the modules. The actual functionality of the robot is divided into a set of func-
tionally diUerent modules, which can be modiVed and extended for diUerent needs.
Until now, modular robots have been based on a pre-speciVed set of modules, and thus
their functionality is limited. This thesis presented two new modular robot designs
based on open heterogeneity, the Odin and Thor modular robot.
In addition to open heterogeneity this thesis also introduced deformability for modu-
lar robots. A deformable modular robot is able to autonomously change shape without
reconVguration. Since we removed the focus on self-reconVgurability, deformability
was introduced as another means of autonomous adaptation to changing environments.
A few early experiments showed a potential of deformability, where the passive com-
pliancy of a robot prototype enabled it to move through narrow passages and adapt to
narrow turns. However, these experiments where performed in 2D. The Odin modu-
lar robot implemented deformability in 3D using passive compliant connectors. In 3D,
gravity plays a major role. The structural stability of a passive compliant structure is
heavily dependent on the spring constant of the individual connectors. Since the con-
Vgurations, and the number of modules in each conVguration varies, the compliancy
of the connectors must be tuned for each conVguration. For instance, a space Vlling
closely packed lattice conVguration, does not allow the shape of the robot to be aUected
by gravity or other external forces, but allows the modules to actuate in parallel. In this
case the springs work against the actuators, thus the spring constants must be very low.
In contrast, in a Wexible conVguration, where the shape is a result of both the internal
and the external forces, the spring constants must be tuned to match the weight and
the speciVc topology.
Future research in deformable modular robots must distinguish between the two fea-
tures brought by deformability. One feature is the ability to actuate modules in parallel.
Parallel and collective actuation may be essential to modular robots, if they are to scale
in terms of the number of modules. In serial actuation, the overall forces which can be
applied is limited to a single actuator, and the strength remains the same no matter how
many modules exist in the conVguration. By actuating modules in parallel, the forces
which can be applied by the robot may also increase with the number of modules in a
conVguration. The other feature is the ability to passively adapt to changing environ-
ments, without additional control. In this case it may be more fruitful to experiment
with active varying compliancy of the structure to create motion, rather than direct
actuation.
Like self-reconVguration, the ability to deform reduced the focus on the immediate
usability of the robot, working against the goal of this thesis. For that reason the Thor
modular robot was introduced, focusing on increasing the versatility and the practical
usability of modular robots. The Thor modular robot extends the open heterogeneous
design concept further by simplifying the individual modules further. The robot in-
troduces a genderless connection mechanism with ability to transfer torque between
modules. This makes it possible to drive various actuated modules by general motor
modules. Removing the usually integrated motors from the actuated modules does not
only simplify their development process, but also decreases the cost by optimizing the
use of expensive motors.
124
Staying with the focus of this thesis of improving the practical usability of modular
robots, we chose to bring our robots outside the lab for testing the potential of these
systems. The ICRA Planetary Contingency Challenge is the perfect setup for showing
the potential of modular robots, not only to ourselves, but also to a wider audience. The
challenge simulates the highest possible degree of actual real world scenarios. The fact
that the participating teams have no knowledge of what task they are to solve, makes
a big diUerence in comparison to in house lab experiments. Modular robots promise
versatility. The challenge forces the teams to prepare their robot for any possible task.
Modular robots promise robustness. The challenge is time limited, and only immedi-
ate repairs can be done. Modular robots promise to be low cost. The challenge only
allows limited equipment, thus multiple robots must be assembled from the same set of
modules.
The contingency challenge also relates to other potential applications, where a highly
Wexible and rapidly developed robot can be exploited. By showing and discussing the
practical usability of Odin and Thor in this scenario, we have not only brought space
applications closer to realization, but also the other potential applications of modular
robots.
10.2 conclusion
This thesis extended the current research in modular robotics by introducing deforma-
bility and open heterogeneity. These features were realized in two new modular robotic
concepts, Odin and Thor.
The Odin modular robot tries to capture both features at the same time. As a con-
sequence, the ability to deform tends to take focus from the practical usefulness of the
robot. This was primarily realized during the ICRA 2008 Planetary Robotic Contin-
gency Challenge, but also in the preparation for the theatrical play “The Anatomy of
the Robot”. The structure and the passive compliant connector made it less intuitive to
assemble a robot for immediate problems. However, deformability is an interesting fea-
ture which should be investigated further in future research, both in terms of parallel
and collective actuation, and passive adaptation to changing environments. The prelim-
inary experiments on deformability, and the contingency challenge showed a potential
in the ability to passively adapt to conVned spaces, without additional control.
By developing the Thor modular robot, we chose to continue to exploit the open
heterogeneous design concept rather than focusing on deformability. The Thor robot
has proved to be easy and intuitive to reconVgure for unexpected problems occurring in
a real world environment. The modules are simple and easy to replace and repair. The
overhead in functionality and expensive motors is minimized by introducing torque
transmission between modules.
We conclude that the open heterogeneous design concept can increase the versatility
of modular robots. Both the Odin and Thor modular robots are examples of systems
adopting the open heterogeneous design concept. Both systems have shown versatile
capabilities, primarily in participation in the ICRA 2008 and 2010 Planetary Robotic
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ContingencyChallenge. Thor, in particular, showed a high potential in situations where
a rapidly developed robot can aid humans in performing a variety of tasks.
This thesis brings us “towards versatile robots through open heterogeneous modular
robots”.
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